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Looking at the Geological map of Singapore, it is noted that soft and recent deposits 
of Kallang Formation comprises mainly of marine clay and peaty soil, covers about 
20 to 30% of Singapore’s total land surface. Hence, it is a frequent scenario that the 
provision of pile foundation in Singapore has to penetrate through highly 
compressible soil layers such as the marine clay before encountering the stiff 
underlying strata to achieve the required bearing capacity. 
 
In most of these situations, the consolidation process of the soft soil has not been fully 
completed owing to the extremely low permeability of the soft soil. When soil mass 
consolidates, the downward movement of the soil relative to the pile would result in 
downward shear stresses being developed and this is commonly known as negative 
skin friction (NSF). Consequently, additional downward force defined as the dragload 
is induced in the pile. 
 
There have been quite a number of studies carried out on the topic of NSF over the 
past few decades, however, it is evident that some of the conclusions drawn from 
these studies on the issue of NSF may not be directly applicable in the Singapore 
context as the characteristics of pile foundation and the nature of the NSF problem are 
not identical. There is therefore a need to carry out a study focusing on actual local 
condition encountered with regard to pile behaviour subjected to NSF. Special 
attention is paid to the consideration of installing the pile after the ground has 







In this study, 2D finite element method (FEM) using the Hardening soil model and 
coupled consolidation analysis was used to determine the effect of some of the 
possible factors that may influence the depth to neutral plane (NP),  ZNP, magnitude of 
total dragload (PN) and degree of mobilization (η). Factors that have been studied in 
detail include the time duration allowed between commencement of consolidation and 
pile installation, the magnitude of surcharge loading causing different amount and 
profile of ground settlement, thickness of consolidating layer and the magnitude of 
imposed loading at pile head. 
 
Keywords : Negative skin friction, Dragload, Neutral Plane, Depth to Neutral Plane, 
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CHAPTER  1  INTRODUCTION 
 
1.1   Background  
 
Singapore is a highly developed city, with scarce land and ever increasing population, 
high rise buildings, including commercial, industrial and residential is therefore a 
common sight. Owing to the high intensity of load required for the foundation of 
these developments, pile foundation is typically adopted in resisting these loads 
through provision of positive skin friction (PSF) and end-bearing resistance of 
competent soils that are less compressible or rock at deeper depth.  
 
In an overview provided by Sharma et al. (1999), it is noted that soft and recent 
deposits of Kallang Formation comprises mainly of marine clay and peaty soil covers 
about 20 to 30% of Singapore’s total land surface. In addition, to cope with the 
problem of insufficient land supply, land reclamation has also been carried out 
actively over the last few decades. These reclaimed lands comprise generally of 
sandfill places directly over existing geological material which at most locations, is 
marine clay. Hence, it is a frequent scenario that the provision of pile foundation in 
Singapore has to penetrate through highly compressible soil layers such as the marine 
clay before encountering the stiff underlying strata. 
 
Singapore marine clay is known to be relatively impermeable with typical 
permeability, kv of 10-10 to 10-9 m/s in the vertical direction, this implies that 
dissipation of excess pore pressure resulted from stress changes in the soft marine 
clay would take extremely long time. As such, when piles are installed through this 
soft soil, it is likely that the consolidation process has not been completed. When soil 
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mass consolidates, the downward movement of the soil relative to the pile would 
result in downward shear stresses being developed and this is commonly known as 
negative skin friction (NSF). Consequently, additional downward force is induced in 
the pile and this force is defined as dragload. 
 
Chellis (1961) and Kog (1987) have reported incidents of pile failure due to NSF, it is 
therefore crucial to ensure NSF is dealt with correctly in pile design as failure of 
which would have disastrous consequences. In view of the relevance and importance 
in considering NSF in pile foundation design in Singapore, the local code of practice, 
CP4 : 2003 has dedicated a section in providing guidelines for treating NSF in pile 
design. These guidelines remain controversial as complex mechanism involving NSF 
is still not fully understood and there have been misconception and confusion among 
geotechnical engineers in the design of pile with NSF (Fellenius, 1998; Poulos 1990).  
 
Although NSF is an important consideration in pile foundation design, from various 
literature available, it appears that in-depth study of NSF only began in the 1960s. To 
date, there have been contrasting practices among foundation designers universally 
and this inevitably leads to design outputs that are distinctly different. Having said 
this, recommendations by CP4 : 2003 still dictates the fundamental design approach 
for all practicing engineers in Singapore. As such, a thorough understanding of the 
few key aspects regarding NSF as stated in CP4 : 2003 including, depth to neutral 
plane (NP),  ZNP, magnitude of total dragload (PN) and degree of mobilization (η) of 
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1.2   Scope and Objective of Research  
 
As pointed out by Poulos and Davis (1980), consolidation of the soil may result from 
a number of causes, including surface loading, consolidation under its own weight, 
ground water lowering and reconsolidation of soil resulted from pile driving. Based 
on their observations, they concluded that dragload induced by effect of pile driving is 
usually much lesser than that resulted from consolidation in connection to loading and 
drainage of the soil. 
  
In the local context, significant NSF resulted from ground water lowering as well as 
pile installation has seldom been reported. It is also noted that many new 
developments where bored pile is being used, would also opt for large single pile 
solution instead of pile group if loading permits. Hence, for the purpose of this study, 
only NSF on single pile resulted from consolidation of soil due to surface loading 
would be considered in great details as this is most often the source of NSF 
encountered in piling projects in Singapore. 
 
Instead of focusing in determining the appropriate method to be adopted for pile 
design with NSF, this research intends to provide a fundamental understanding of the 
influence of various factors with regard to few major issues which are important in 
estimating the correct NSF in pile design through extensive parametric studies using 
the finite element method (FEM). Three of the key issues identified for the study 
include the depth to neutral plane (NP),  ZNP, magnitude of total dragload (PN) and 
degree of mobilization (η) of NSF as they are equally applicable regardless of which 
design approach is being adopted. 
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Parameters which may influence these three major factors identified and examined in 
the numerical study include : 
1) Influence of time factor between commencement of consolidation of soft soil and 
pile installation with load application. This is of particular interest, as it is noted 
that in the local context, most piling projects would only commence after the soft 
soil has undergone certain degree of consolidation. This is very different from 
what most NSF studies have assumed whereby consolidation only commences 
after pile has been installed which does not reflect actual condition in local 
practice.  
2) Influence of magnitude of imposed loading on ground level and thickness of 
consolidating layers. 
3) Influence of magnitude of imposed loading from the structure. 
 
1.3   Thesis Outline  
 
Following the introduction, this thesis is organised in the following manner : 
1) Chapter 2 provides a review of available literature revealing consideration of 
NSF from previous studies by other researchers. Main areas of interest include 
various approaches put forward regarding the design methodology, consideration 
of depth to NP, determination of magnitude of total negative friction load 
(Dragload) and degree of mobilization of NSF. 
2) Chapter 3 presents the background of the FEM program used and evaluates the 
suitability of such method in the current study. 
3) Chapter 4 provides an overview of the approach and details of the FEM analysis 
input in ascertaining the influence of time factor, magnitude of imposed loading 
on ground level, thickness of consolidating layers and magnitude of imposed 
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loading from the structure with respect to the depth to NP, magnitude of total 
negative friction load and degree of mobilization of NSF. 
4) Chapter 5 presents the results of numerical studies carried out regarding the 
influence of time factor, magnitude of imposed loading on ground level, 
thickness of consolidating layers and magnitude of imposed loading from the 
structure with respect to depth to NP, magnitude of total negative friction load 
and degree of mobilization of NSF. 
5) Chapter 6 summarizes the conclusions obtained from the current study and 
provide recommendations in dealing with consideration of depth to NP, 
magnitude of total negative friction load and degree of mobilization of NSF in 










CHAPTER  2  LITERATURE REVIEW 
2.1   Introduction  
 
After reviewing various literature on the topic of NSF, it is noted that there is no 
standardization regarding some of the key terms used among the researchers. This 
creates quite a bit of confusion when summarizing the works done by others. To avoid 
further confusion, it is thus necessary to provide specific definition for those key 
terms that are ambiguous. In this aspect, definition of the following terms as proposed 
by Fellenius (2012) would be used : 
 
a) Downdrag : The downward settlement of a deep foundation unit due to 
settlement at the neutral plane (NP) “dragging” the pile along. 
b) Dragload : The load transferred to a deep foundation unit from negative skin 
friction (NSF). 
c) Neutral plane (NP) :  The location where equilibrium exists between the sum of 
downward acting permanent load applied to the pile and dragload due to NSF 
and the sum of upward acting positive shaft resistance and mobilized toe 
resistance. It is also (always) where the relative movement between the pile and 
the soil is zero. 
d) Negative skin friction (NSF) : Soil resistance acting downward along the pile 
shaft as a result of movement of the soil along the pile and inducing compression 
in the pile. 
 
In general, NSF is an important design consideration when pile needs to be installed 
through soft stratum which would undergo further consolidation after the pile is in 
 




place. Figure 2.1 illustrates the basic mechanism of how NSF develops in such a 
situation and the details of which would be explained briefly herewith. 
 
As shown in the illustration, when the settlement of the consolidating soft soil, So 
exceeds that of the pile supporting an axial load, PA, this would result in downward 
shear stresses being developed which is known as negative skin friction (NSF) and 
hence causes downdrag of the pile. In order to satisfy force equilibrium, the NSF 
would have to be balanced by the sum of the positive skin friction (PSF) and 
mobilized toe resistance, Qbm in the underlying competent soil. 
 
Since the pile is subjected to compressive force, the pile head settlement, Sp is 
therefore the total of pile toe settlement, St and the elastic shortening of the pile. The 
location where NSF transits into PSF is known as the neutral plane (NP), it is also the 
point where there is no relative movement between the pile and the soil. Above the 
NP, soil settlement is greater than pile settlement, in other words, soil moves 
downwards relative to the pile. Below the NP, pile settlement exceeds that of soil. 
Around the NP, relative movement between the pile and the soil is relatively small, 
hence NSF and PSF may not be fully mobilized here. 
 
At the depth to the NP, ZNP, the dragload, PN is at its maximum. From the illustration, 
it is seen that the maximum compressive force to be experienced by the pile would 
therefore be the sum of PA and PN at the NP location. In situation where PN is large, 
this may be significantly greater than PA. It is thus important that PN is correctly 
estimated so as to ensure the pile is structurally adequate. 
 
 




As this research focuses in providing a fundamental understanding of the influence of 
various factors with regard to the depth to neutral plane (NP),  ZNP, magnitude of total 
dragload (PN) and degree of mobilization (η) of NSF of a single pile resulting from 
consolidation of soil due to surface loading, the literature review would focus mainly 
on these areas. 
 
2.2   Design Approach for Pile with Negative Skin Friction  
 
2.2.1   Negative Skin Friction Design Considerations in Singapore 
 
Current practice of pile design in Singapore follows recommendations provided in 
CP4 : 2003 which employs a conventional design approach whereby an overall factor 
of safety is adopted. It states that the allowable structural capacity of the pile at the 
NP, Qast needs to satisfy the following equation : 
ܳ௔௦௧ ൒ ௖ܲ ൅  ߟ ேܲ௠௔௫                                                         ሺ2.1ሻ 
where Pc is the dead plus sustained live load to be carried by the pile, η is the degree 
of mobilization of total dragload and PNmax is the maximum total dragload. In 
addition, the allowable geotechnical capacity of the pile in the long term, QaL needs to 




൒ ௖ܲ ൅  ߟ ேܲ௠௔௫                                             ሺ2.2ሻ 
where Qb is the ultimate base resistance, Qsp is the ultimate positive skin friction 
(PSF) below the NP and Fs is the geotechnical factor of safety which is usually taken 
as 2.0 to 2.5. There is no direct guide on assessment of pile settlement under NSF, the 
underlying concept is to provide an appropriate Fs such that the resulting pile 
settlement could be controlled within an allowable limit.  
 




2.2.2   Other Design Recommendations 
 
In a contrasting manner, Fellenius (1989; 1998; 2004), has over the years proposed a 
unified design method for designing pile with NSF. Fundamental principles of unified 
design are illustrated in Figure 2.2. In summary, the unified method requires the pile 
design to satisfy the following 3 conditions : 
a) The allowable load at pile head (Dead load + Live Load) = Qu / Fs, where Qu is 
the total ultimate pile capacity which is the sum of ultimate skin friction along 
the entire length (including the part above NP) and the ultimate base resistance, 
Qb as shown in the right side curve of the middle diagram in Figure 2.2. The unit 
skin friction between the pile and the soil is assumed to be the same in either the 
positive and negative direction as shown in the first diagram of Figure 2.2. 
b) Total load at the NP = Dead load + Maximum total dragload, PN must be smaller 
than the allowable structural capacity, Qast given by the left side curve of the 
middle diagram in Figure 2.2.   
c) The settlement calculated at the pile toe or at the NP presented in the last diagram 
of Figure 2.2 must be smaller than the maximum tolerable value. 
 
Details of how NP may be determined based on Fellenius approach would be 
elaborated in Section 2.4. The most significant difference between the unified design 
approach and recommendations in CP4 : 2003 is the inclusion of ultimate skin friction 
above the NP and the exclusion of dragload in determining the ultimate pile capacity, 
Qu as Fellenius postulates that live load will reduce or even eliminate the dragload. 
 
 




GEO (2006) also adopt a similar approach to the unified design method for pile 
design with NSF and recommends that the ultimate pile capacity, Qu be obtained from 
the sum of ultimate skin friction along the entire length and the ultimate base 
resistance, Qb without the need to deduct dragload from it when deciding the 
allowable load carrying capacity of the pile. 
 
In assessing the structural adequacy of the pile, maximum axial load is taken as the 
aggregate of maximum applied load on the pile head and the total dragload at NP. In 
this aspect, GEO (2006) agrees that only dead load and sustained live load needs to be 
combined with the dragload and transient live load needs not be considered generally. 
Exception is when short piles are founded on rock where elastic compression may be 
insufficient to relieve the NSF. Total pile settlement is computed as the sum of ground 
settlement at NP and the elastic shortening of the pile above the NP. 
 
Poulos (1990; 1997; 2008) reiterated that the presence of NSF does not reduce the 
ultimate geotechnical capacity of the pile since to initiate a geotechnical failure, the 
pile would have to plunge past the soil and when this happens, NSF cannot coexist.  
Poulos (1989) had also proposed that pile settlement should be considered as a 
relevant design aspect for piles subjected to NSF.  
 
Accordingly, Poulos (1997) presented a design philosophy that focused on 
determining an allowable load that could be applied so that the pile head settlement 
should reach an acceptable limit regardless of the settlement of the soil. To achieve 
this, it is necessary to have the NP at or below the thickness of the settling soil, Ls. 
 




Based on force equilibrium, the maximum allowable load, PAmax that may be applied 
to the pile head such that the pile head settlement is satisfactory was derived to be : 
஺ܲ௠௔௫ ൌ ߶௣ܨ௦ଶ ൅ ߶௕ ௕ܲ െ ߶ே ேܲ௠௔௫                                   ሺ2.3ሻ 
where φp is a partial factor for shaft resistance in the stable soil (≤ 1), Fs2 is the shaft 
resistance mobilized in the “stable” soil, φb is the partial factor for end bearing 
resistance in the “stable” soil (≤ 1), Pb is the mobilized base resistance, φN is the 
partial factor for downward load (≥ 1) and PNmax is the maximum dragload at top of 
stable soil. It should be noted PAmax is not determined based on ultimate load capacity 
but rather on condition that the pile head settlement will stabilize and reach a limiting 
value regardless of the magnitude of soil movement. Typical values for φp and φb is 
between 0.5 and 0.7. 
 
Further to his 1997 proposal, Poulos (2008) presented an alternative design approach 
for typical end-bearing and floating piles with NSF based on the allowable pile head 
settlement, soil settlement profile and distribution of shaft friction in the settling layer. 
In this approach, 3 key design criteria must be satisfied for piles with NSF as follows : 
a) Qu ≥ Fs. Pw, where Qu is the total ultimate pile capacity which is the sum of 
ultimate skin friction along the entire length (including the part above NP) and the 
ultimate base resistance, Qb, Fs is the factor of safety typically range between 2 
and 3 and Pw is the pile working load. 
b) Pw + PNmax = Qast, where PNmax is the maximum total dragload and Qast is the 
allowable structural capacity. In this case, it was suggested that full mobilization 
of NSF above the NP could be assumed. 
 




c) With slight modification to his proposal in 1997, Poulos suggested that in 
controlling pile settlement,  Qsp + Qb ≥  Fs (Pw + PNmax) where Qsp is the ultimate 
positive skin friction (PSF) below the NP. Based on his analysis results, Poulos 
concluded that applying a Fs of 1.25 on the stable soil is capable of controlling the 
pile settlement to a limiting value such that pile settlement does not continue to 
increase even if the ground continues to settle.  
 
Looking at the few design recommendations presented herewith, it appears that there 
are different opinions with regard to whether transient live load would co-exist with 
the dragload when considering the pile structural or geotechnical capacity. 
 
Fellenius (1972) presented one of the few field observations available in investigating 
the influence of applied load to dragload. In these full scale tests carried out on two 
instrumented piles driven to a depth of 55 m in south-western Sweden, 43 months of 
measurement was reported. In the test, these piles were loaded with 44 tons at the pile 
head at 495 days and were further loaded with 36 tons a year later. The measured 
axial load for one of the piles is presented in Figure 2.3.  
 
What was most interesting was the observation from Figure 2.3 that applying a load at 
the pile head caused a reduction in the dragload in the pile by a similar magnitude of 
the load applied. Keeping the load on such that it becomes permanent resulted in the 
dragload being built up again. Fellenius thus concluded from the observation that if 
the transient load on the pile head is less than twice the dragload, the transient live 
load would not be added to the dragload and this is likely the basis for the belief that 
transient live load and dragload does not co-exist. 
 




In a recent centrifuge model testing program conducted by Shen (2008), influence of 
the application of dead and transient live load on dragload was also studied. Contrary 
to what was reported by Fellenius (1972), it was observed that there was little 
reduction in the dragload induced after application of either dead or transient live load 
as shown in Figure 2.4. This was consistently the case for the end-bearing and 
socketing pile and is regardless of the magnitude of load applied. It was thus 
concluded that the assumption of transient live load and dragload does not co-exist is 
only true for long and slender pile but not for short and stocky pile.  
 
In addition, there are also different approach in treating the ultimate bearing capacity 
and working condition of a pile when subjected to dragload. It appears that more 
researchers tend to support the idea that pile subjected to NSF is a settlement problem, 
hence the computation of its ultimate capacity should include the skin friction above 
the NP without considering the dragload. However, it remains divided (such as that 
proposed by Fellenius versus that proposed by Poulos) when dealing with the working 
condition of the pile as to how the settlement issue should be dealt with. Discussion 
on how PN, ZNP and η are dealt with in different design approach will be elaborated in 
details through Section 2.3 to 2.5 below. 
 
2.3   Magnitude of Negative Skin Friction 
 
2.3.1 Full-Scale and Laboratory Measurement of Dragload 
 
Since the 1960s, there have been a number of full-scale tests carried out to investigate 
the magnitude and development of NSF over time. Few of the well documented case 
histories with detailed measurements of load distribution and magnitude of dragload 
 




in instrumented piles would be summarized here so as to provide a better 
understanding of what have been observed in actual measurements. 
 
Johannessen and Bjerrum (1965) reported a full-scale test on steel pile instrumented 
with tell-tale from April 1962 at Sörenga in the Harbour of Oslo. The pile had an 
overall width of 470 mm and was founded on bedrock. The placing of a 10 m thick 
fill at the site initiated the consolidation process in the underlying thick soft marine 
clay deposit. Based on their measurements in April 1964, it was observed that huge 
dragload estimated to be in the order of 250 tons had been induced in the piles as a 
result of NSF as shown in Figure 2.5. 
 
From their interpretation of test results, a reasonably good agreement was obtained 
between the measured and computed NSF by assuming the NSF was proportional to 
the vertical effective stress at locations where the relative displacement between the 
pile and clay was large. In other words, maximum adhesion between the pile and the 
soil, τa could be estimated well using the expression : 
 ߬௔ ൌ ߪ௩ᇱ ܭ tan ߶௔ᇱ                                                          ሺ2.4ሻ 
where σv’ is the effective vertical stress and K tan φa’ (commonly known as β-value 
today) is a factor correlating τa to σv’. They concluded that for design purpose, the 
constant ultimate value of K tan φa’ was about 0.20 for soft marine clay. In addition, 
they also commented that the use of effective vertical stress in estimating adhesion 
produced a better agreement with measured data than if it was to be estimated from 
the undrained shear strength of the soft clay (commonly known as α-method).  
 
 




Additional full-scale measurements in Norway on piles instrumented with tell-tale 
were published again in 1969 by Bjerrum et al. (1969). In total, 6 steel piles 
[including the pile reported in Johannessen and Bjerrum (1965)] at 5 different sites 
were studied. Similar to the earlier case, these additional test piles were also subjected 
to NSF as a result of soft clay consolidation initiated by additional fill. It was noted 
that the maximum dragload measured in the test pile at the Sörenga site mentioned 
above had increased from 250 tons to 400 tons by now. The other 5 additional piles 
also recorded significant dragload of between 120 tons to 300 tons. Figure 2.6 shows 
results of measurements for some of these piles. 
 
It was further reported that the empirical method of estimating NSF with respect to 
the vertical effective overburden pressure by the use of a constant K tan φa’ factor as 
given in Equation 2.4 again yielded reasonable results and the K tan φa’ value varied 
within a narrow band of 0.18 to 0.23 for soft marine clay and 0.25 to 0.26 where the 
clay was more silty. In the publication, it was also noted the use of bitumen coating 
provides significant reduction in NSF measured. 
 
Another notable case history is that reported by Endo et al. (1969). In this study 
carried out in Fukagawa, Japan, three instrumented vertical 610 mm diameter steel 
pipe piles were monitored over a period of three years, from June 1964 till March 
1966. Battered steel pile was also monitored in the study but would not be elaborated 
here. In contrast to cases recorded in Norway, continuous pumping of water had 
resulted in consolidation of the compressible soil layers to take place after the test 
piles had been installed. In this project, instrumentation of pile forces caused by NSF 
was carried out by measurement of strain gauges. 
 




From their measurements, it could be seen that the magnitude of dragload increased 
over time. Rate of increase in NSF was noted to be more significant in the early stage 
and had not ceased at the end of the monitoring period. The maximum measured 
dragload near the NP was also very huge ranging from 162 tons to 302 tons as seen in 
Figure 2.7. The measured NSF showed rough general agreement with computed NSF 
assuming fully mobilized shear strength of qu/2 (also known as α-method) of the 
surrounding soil. In addition, they had also presented a plot indicating the measured 
pile and soil displacement with time as shown in Figure 2.8. Detailed discussion on 
this plot would be given in Section 2.4. 
 
Endo et al. (1969) had also evaluated the measured NSF using the effective stress 
method as shown in Equation 2.4 and concluded that it was more appropriate than 
using the qu/2 computation since the nature of NSF was governed by the final shear 
strength of the surrounding soil. From their evaluations, the effective stress method 
also gave a reasonable estimate of the measured NSF. In this case, value of K tan φa’ 
was estimated to be 0.2, 0.3 and 0.35 for open-end pile, friction pile and end-bearing 
pile respectively. 
 
Bozozuk (1972) described in details measurement of NSF induced in a 300 mm 
diameter hollow steel pipe pile installed in April 1966 to a length of 49 m floating in 
silty clay as the bedrock was expected at 82 m depth. The site was near Berthierville, 
Quebec, Canada. Large dragload of about 140 tons was measured at 22 m depth after 
a period of 5 years as a result of a 122 m long by 27 m wide and 9 m high 
embankment fill built over compressible clay at the site.    
 
 




From the measured load distribution as shown in Figure 2.9, it was concluded that 
there was little or no relation between the NSF and in-situ shear strength of the soil. 
Instead, a modification to equation 2.4 had been proposed as follows : 
߬௔ ൌ ܯܭ௢ߪ௩ᇱ  tan ߶
ᇱ                                                          ሺ2.5ሻ 
where M is a friction factor introduced to take into account the pile-soil interface 
friction and would vary between 0 and 1 and Ko is a coefficient relating horizontal to 
vertical effective stress, σv’ and φ’ is the effective friction angle of the soil. 
 
Leung et al. (1991) presented measurements in two instrumented concrete piles 
installed through soft marine clay and founded in weathered sedimentary rock. One of 
the monitored precast piles was 280 mm square and driven to 24 m depth while the 
other pile was 260 mm square installed to 28 m length below ground. Strain gauges 
were used to monitor the test piles performance. Maximum dragload reported 
amounted to 285 kN and 340 kN over a period of 534 days to 745 days as a result of 
the self-weight contributed by 0.5 m thick of concrete deck. 
 
From the measured data as illustrated in Figure 2.10, they concluded NSF increased 
with time and the rate of increase in NSF appeared to decline with time. This is 
consistent with other reported data. The maximum unit NSF observed was found to be 
90% of the undrained shear strength of the marine clay, this implies that the α 
parameter has a value of 0.9.  
 
Indraratna et al. (1992) presented a long-term full-scale measurement of NSF induced 
on driven piles in Bangkok subsoil. In their study, NSF arose as a result of a 2 m high 
embankment surcharge over a site underlying by thick layer of soft marine clay. Two 
 




number of 400 mm diameter cylindrical prestressed precast piles were instrumented 
with load cell, strain gauges and tell-tale over a period of 9 months. One of the piles 
was coated with bitumen while the other was uncoated. 
 
In the test, the embankment was constructed swiftly in 3 days, following this, the 
ground surface settlement was observed to occur rapidly in the first 2 months and 
nearly ceased beyond 6 months. After 9 months, the measured maximum axial force 
of the uncoated pile was about 30 tons at 20 m depth which is the interface between 
the soft clay and the relatively stiff clay as presented in Figure 2.11. Substantial 
portion of the increase in axial load was found to happen within the first 3 months and 
after 5 months it almost stabilized at the maximum value reported. 
 
Indraratna et al. (1992) also carried out both the total (α-method) and effective stress 
analysis (β-method) in comparing the calculated NSF with measurement. They 
concluded that β-method is able to predict NSF well in agreement with measurement 
and the β value was calculated to be in the range of 0.15 to 0.20 for the soft clay. In 
comparison, α value was found to vary over a much wider range of 0.40 to 0.95. 
 
One of the more recent extensive studies carried out on various aspects of NSF was 
the centrifuge model testing conducted at NUS by Shen (2008). In his study, elaborate 
centrifuge model tests had been performed on single pile simulating “floating” pile, 
“socketed” pile and “end-bearing” pile in order to investigate the combined effects of 
induced NSF with applied dead and transient live load. Three typical causes of NSF, 
namely, re-consolidation of soil after pile installation, ground water lowering and 
 




surcharge loading were all evaluated. In addition, the centrifuge test was also 
extended to pile groups consisting of 3 to 16 piles. 
 
From his centrifuge model tests, Shen confirmed that the application of huge 
surcharge loading would induce significant dragload as a result of consolidation of the 
clay layer. An important observation was that the increase in effective stress resulted 
in an increase in shear strength of clay as well. Hence, NSF should be evaluated based 
on this increased shear strength. It was demonstrated that the use of the effective 
stress method with a β value of 0.24 was able to produce a reasonable good fit to the 
test data as shown in Figure 2.12. 
  
In another recent study carried out by Yao et al. (2012), a 1 m diameter pile was 
installed to a depth of 64 m below ground. Upon completion of the pile, surcharge 
load amounting to a total of 100 kPa was applied to an area of 10 m diameter around 
the pile in four layers. A static load test was conducted on the pile to obtain necessary 
skin friction of the surrounding soil for their analysis after the final surcharge load 
was maintained for half a year. 
 
From their measurement, the maximum axial load resulted from NSF on the pile was 
found to be 3000 kN as presented in Figure 2.13. Using theoretical approach of 
displacement equilibrium by adopting a tri-linear model which takes into account of 
shaft resistance softening for the surrounding soil as well as rigorous 3-D FEM 
analysis, the measured data could be reasonably matched.  
 
 




2.3.2 Theoretical Computation of Dragload 
 
From various reported full-scale tests carried out to investigate the magnitude of NSF 
over time, it is noted that both the total stress approach (α-method) and the effective 
stress approach (β-method) are able to predict the measured NSF reasonably well. 
The α-method has been customarily used in estimating shaft adhesion of pile in clay. 
As it is generally agreed that the magnitude of shear stress between the pile and the 
soil is the same in either the positive or negative direction, hence when use for 
evaluating NSF, the expression of α-method is also given by : 
 ߬௔ ൌ ߙܥ௨                                                                      ሺ2.6ሻ 
where α is an empirical factor relating unit shaft adhesion, τa to the undrained shear 
strength, Cu of the soil and is dependent on soil and pile type. A number of 
correlations has been suggested by various researchers, one example as proposed by 
Fleming et al. (2008) is given in Figure 2.14.  
 
It is noted that there is a wide range of variation for α value. According to Burland 
(1973), the value of α may vary from 0.3 to 1.5. As these values are typically 
correlated from pile load test, hence in the case where the shear strength of the soil 
may increase substantially due to consolidation caused by surcharge loading, the α 
value would also increase with time as a result of excess pore pressure dissipation. 
 
Based on findings from the reported cases, α is rather inconsistent in the case of 
Johannessen and Bjerrum (1965). Indraratna et al. (1992) reported α ranging from 
0.40 to 0.95. Endo et al. (1969) reported an α value of 1.0 which is similar to what 
Leung et al. (2004) concluded from centrifuge tests while Leung et al. (1991) reported 
 




an α value of 0.9. In an exceptional case, Bozozuk (1972) even commented there was 
little or no relation between the NSF and in-situ shear strength of the soil. 
 
In contrast, Johannessen and Bjerrum (1965) and Bjerrum et al. (1969) concluded that 
the use of effective vertical stress in estimating adhesion, β value was found to vary 
within a narrow band of 0.18 to 0.23 for soft marine clay and 0.25 to 0.26 where the 
clay was more silty. Their conclusions on the consistency of β value were also shared 
by Endo et al. (1969), Bozozuk (1972) and Indraratna et al. (1992). 
 
Burland (1973) also conducted a series of comprehensive study on the use of effective 
stress in evaluating the adhesion of piles in clay using the following expression : 
߬௔ ൌ ߚߪ௩ᇱ                                                                          ሺ2.7ሻ 
where β is an empirical factor relating the shaft adhesion to the effective overburden 
stress. In his study, he demonstrated that β value would lie between 0.25 and 0.40 for 
a wide variety of clays which represents a very much smaller spread than the α value. 
Based on available data, he thus proposed that a β value of 0.25 represents a 
reasonable upper limit for NSF in soft clay. This method of evaluating pile adhesion 
is commonly known as β-method today.  
 
In addition to the various β value reported in field measurements, one of the most 
commonly adopted guide in practice is that recommended in NAVFAC (1982) for 








Table 2.1 Empirical Factor (β) from Full Scale Tests 
Soil Type β Value 
Clay 0.20 to 0.25 
Silt 0.25 to 0.35 
Sand 0.35 to 0.50 
 
Vesic (1977) assumed that the dragload is proportional to the effective vertical stress 
and proposed that the β value to be adopted for compressible strata of clay and silt to 
be in the range of 0.15 to 0.30. 
 
In the context of official documents, CP4 : 2003 suggests that in general, the total 
dragload can be estimated using effective stress method (β-method) and in the case of 
cohesive soil, total stress method (α-method) may be used. Total dragload is thus the 
summation of mobilized skin friction along the pile above the neutral plane. GEO 
(2006) states that the effective stress or β-method is recommended in determining 
both granular and cohesive soils for designing pile with NSF. 
 
Besides using the popular α- and β-method, Poulos and Mattes (1969), Poulos and 
Davis (1980), Wong and Teh (1995a; 1995b) amongst others researchers had also 
proposed different analytical solutions in estimating the magnitude of dragload. In a 
recent study, Yao et al. (2012) had proposed the use of an analytical solution 
considering displacement equilibrium and tri-linear load transfer mechanism. All of 
these methods involved numerical procedures that took into account the pile-soil 
 




interaction behaviour with different ways of modeling the soil behaviour and are also 
possible solutions to refer to. 
  
2.4   Location of Neutral Plane  
 
As seen in Figure 2.1, the NP is the location where NSF transits into PSF and is also 
the point where the dragload, PN is at its maximum since it signifies the plane of force 
equilibrium. ZNP is therefore a vital factor in determining the correct dragload.  
 
Fellenius (1984) explained few aspects of how ZNP behaves in general and these could 
be summarized briefly as follows :  
a) Provided the shear stress along the pile does not diminish with depth, ZNP would 
lie below the mid-point of a pile. 
b) If the soil below the NP is stronger than that above the NP, ZNP would move 
towards the pile toe. In the extreme case of a pile founded on rock, ZNP is at the 
rock level (Pile toe). 
c) If the Pile is embedded in homogeneous soil with linearly increasing shear 
resistance without any load applied at the pile head and with negligible toe 
resistance, ZNP would be at about the lower third point. 
d) When dead load is applied at the pile head, ZNP would move up. The higher the 
magnitude of load applied, the more ZNP would move up. 
 
Figure 2.15 illustrates how the NP could be determined based on Fellenius (1984) 
proposal by constructing the force-load curve and the resistance curve. The force-load 
curve (indicated by continuous line) is constructed from the pile head down starting 
 




with the applied load and increasing with the load due to NSF. Next, the resistance 
curve (represented by dashed line) is drawn from the toe up starting with the ultimate 
toe resistance and increasing with the PSF. The depth where these two curves 
intersect is where the ZNP lies.   
 
Using closed-form solution and assuming an elastic-plastic behaviour for soil adjacent 
to the shaft and below the pile toe, Matyas and Santamarina (1994) provided solution 
in estimating the dragload and location of NP. They also demonstrated that a 
transition zone exists around the NP and conventional rigid-plastic solution may 
overestimate the dragload and ZNP. 
 
From the Johannessen and Bjerrum (1965) and Bjerrum et al. (1969) data, it could be 
concluded that the NP for an end-bearing pile is at the bottom of the consolidating 
soft clay since this is the point where maximum load occurs as seen in Figures 2.5 and 
2.6. This agrees with what Fellenius (1984) has summarized. In fact, the paper by 
Bjerrum et al. (1969) is one of the first to show that the NP is also the point where 
force equilibrium is attained. 
 
Endo et al. (1969) demonstrated clearly that for piles subjected to NSF, there exists a 
point where the NSF transits into PSF and at this point, the soil and pile displacement 
equalizes as illustrated in Figure 2.8. At this location, stresses in the pile are also at its 
maximum. From their measurements, they concluded that the depth to NP, ZNP moves 
upwards with time in the early stage but gradually converges to a fixed depth 
thereafter. The measured final ZNP converges to a narrow range of 0.73Ls to 0.78Ls 
where Ls is the thickness of the consolidating soil. This is roughly the same regardless 
 




of whether pile is a friction pile, with pile toe in the compressible ground or end-
bearing pile with pile toe founded in hard layer.  
 
Bozozuk (1972) attempted to derive mathematically, the depth to NP, ZNP of a 
floating pile based on the fact that the NSF and the PSF had to be in force equilibrium 
at the NP assuming the end-bearing contribution is negligible. Using these 
assumptions, the calculated ZNP was found to be at 0.7L when βneg = βpos and ZNP = 
0.5L for βneg = 3βpos and for βneg = 0.33βpos, ZNP = 0.87L. In these expressions, βneg, 
βpos and L is the β value for NSF, β value for PSF and the pile length respectively.  As 
seen from the measurements shown in Figure 2.9, ZNP coincided with the maximum 
load measured at different time and compared well with that determined from force 
equilibrium, there was also a clear trend indicating ZNP shifted downwards with time. 
 
Based on Leung et al. (1991) published data, the final NP was found to be at a depth 
of 17 m below ground level which means ZNP is about 0.9Ls. In contrast to 
observation of Endo et al. (1969), it is seen that there is a very slight trend for ZNP 
moving downwards with time as indicated in Figure 2.10. 
 
In the case of Indraratna et al. (1992), the final NP was found to be at the bottom of 
the soft consolidating clay as beyond this depth, relatively stiff clay was present. 
Similar to data of Leung et al. (1991), ZNP was observed to vary with time and 
showed a trend of moving downwards as indicated in Figure 2.11 and would 
eventually converge when the measured axial load had ceased to increase.    
 
 




From the centrifuge model tests by Shen (2008), he confirmed that the NP for an end-
bearing pile lied near the pile toe, that is, ZNP was about 1.0Ls and ZNP for the 
socketed and floating pile was observed to be 0.9Ls and 0.64Ls respectively. While 
there was no apparent trend of movement of the NP with time for the end-bearing 
pile, there appeared to be an obvious trend of the NP moving downwards with time 
for both the socketed and floating pile under surcharge loading, this is consistent with 
the observation by other researchers. 
  
According to Yao et al. (2012) study on what they described as “superlong” pile, the 
NP was located at about 1/3 to 1/2 of the pile length. As there was no specific details 
given for the thickness of consolidating layer considered in this case, it remains 
unclear as to how would the ZNP be related Ls for the “superlong” pile.   
 
CP4 : 2003 suggests that as the axial load in the pile increases, the NP will move 
upward. In addition to the magnitude of axial load, actual location of the NP also 
depends on the thickness of consolidating soil, Ls and the end-bearing condition. For 
design purpose, the depth to NP, ZNP can be assumed to be 0.6Ls and 1.0Ls for friction 
piles and end-bearing piles respectively. 
 
GEO (2006) states that for end-bearing pile the neutral plane may be taken at the pile 
base. For friction piles, the location of NP may be calculated using an appropriate 
analytical closed-form equations or soil-structure interaction analysis or 
conservatively be taken as at the base of the lowest compressible layer.  
 
 




Vesic (1977) reckoned that ZNP is influenced by relative compressibility of the pile 
shaft and underlying soil with respect to surrounding soil, relative magnitude of axial 
load with respect to the effective stress change that causes settlement of surrounding 
soil as well as the position of the most compressible stratum in the overall soil profile. 
For design purpose a ZNP of 0.75Ls is also suggested. 
 
As a rough guide, NAVFAC (1982) recommended that the depth to NP, ZNP within a 
uniform settling stratum be taken as 0.75 times the length of the pile within the 
settling stratum. This is one of the most commonly adopted recommendations in 
practical design. 
 
In summary, based on various studies conducted worldwide, it is generally agreed that 
the depth of ZNP would move downward with increasing time. As NSF acting on pile 
is often a long-term problem, what remains inportant would be the ability to 
determine the final position of ZNP. In this aspect,  general recommendation provided 
by CP4 : 2003 appears to provide a fairly reasonable range and is well supported by 
Shen (2008). It should also be noted that although ZNP would generally shift upward 
upon application of load at pile head, the extent of this shift is very much dependent 
on other factors such as the end-bearing condition and should therefore be treated 










2.5   Degree of Mobilization of Negative Skin Friction  
 
Although it is widely recognised that a transition zone exists while NSF transits into 
PSF and thus resulted in a situation whereby the mobilized NSF in this zone is less 
than its ultimate value, however in comparison with the numerous publications 
concluding on the magnitude of NSF and location of NP, there seems to have far less 
publications on the issue of degree of mobilization of NSF, η. One possible reason for 
this is that it is considered conservative from the design viewpoint to assume NSF is 
fully mobilized, hence knowledge in this area is considered less critical. For the 
purpose of this study, η is defined as : 
ߟ ൌ ேܲ
ேܲ௠௔௫
                                                                ሺ2.8ሻ 
 where PN is the mobilized dragload and PNmax is the maximum total dragload. 
 
In Endo et al. (1969) study, it is noted that the total dragload measured for a friction 
pile is only 60% of that of the end-bearing pile. As they have concluded that ZNP is 
similar for both friction or end-bearing pile, this may thus be interpreted as the degree 
of mobilization of NSF, of a friction pile is 0.6 while that of end-bearing pile is 
approximately 1.0. 
    
Indraratna et al. (1992) observed from the measurements that although large portion 
of NSF could be mobilized at small relative movement between the pile and the soil, 
full mobilization of NSF would however require substantial movement and is 
dependent on pile length. 
 
 




Matyas and Santamarina (1994) suggested that the thickness of the transition zone 
decreases as the stiffness of the shaft resistance or the compressibility of the soil 
increases, hence NSF present in this zone would not be fully mobilized. Through an 
assumed example, they demonstrated that the conventional rigid-plastic models may 
lead to an overestimation of the maximum dragload by 50% or more. 
 
Wong and Teh (1995b) provided one of the few published guides in evaluating the 
degree of mobilization, η for single end-bearing pile founded on non-yielding rigid 









                                                      ሺ2.10ሻ 
 






 and So is the surface settlement of the soil, Gi is the average 
initial tangent shear modulus, τa is the average limiting adhesion of pile, L is the pile 
length, D is the pile diameter. Equation 2.9 applies to the case where τa and Gi has a 
triangular distribution over depth and equation 2.10 applies to the case where τa and 
Gi has a rectangular distribution over depth. 
 
Using extensive centrifuge model test results coupled with numerical simulations, 
Shen (2008) provided some useful insights for evaluating the degree of mobilization, 
η for single pile. From the centrifuge model test, Shen observed that the NSF was 
almost fully mobilized when the end-bearing pile was subjected to surcharge loading 
 




as shown in Figure 2.12.  In contrast, the degree of mobilization for a floating pile is 
far less than that of the end-bearing pile while the socketing pile showed a degree of 
mobilization in between that of the end-bearing and floating pile. 
 
Through extensive numerical analyses, Shen concluded that different combination of 
the pile-soil stiffness ratio, K defined as Ep/Es where Ep and Es is the Young’s 
modulus of the pile and soil respectively for a solid pile; the pile length-diameter 
ratio, L/d; and the magnitude of surcharge loading would lead to different degree of 
mobilization, η. Shen went on to summarize all his findings in Figure 2.16. From 
Figure 2.16, it could be seen that η varies from 0.35 to 0.95 for the range of 
parameters that he had studied, such design chart would be a useful tool for practising 
engineer trying to estimate an appropriate η to be adopted in design. 
      
CP4 : 2003 states that the mobilized unit friction along the pile located above the NP 
is not always equal to the fully mobilized value near the NP as it depends on the 
relative downward movement between the pile and the soil. It thus suggests that for 
design purpose, the degree of mobilization, η may be assumed as 0.67 although a 
value of 1.0 may be considered for special cases involving low capacity piles in 
highly compressible clay stratum. 
 
GEO (2006) recognises that NSF near the NP is usually only partially mobilised as 
the relative movement between the soil and pile is smaller than that required for full 
mobilization but gives no suggestion on the appropriate degree of mobilization to be 
used, instead a value of full mobilization is assumed on the basis of conservatism. 
 
 




2.6   Summary  
 
For several years, engineers are aware of the detrimental effects of significant 
negative skin friction acting on piles as a result of consolidating soil. Despite the fact 
that substantial knowledge has been gained in designing piles subjected to NSF since 
the 1960s, there remain misconception and confusion among various practicing 
engineers owing to the complex nature of the NSF problem resulted in situations of 
field observations and postulations from different researchers disagreeing with each 
other from time to time. 
 
At the moment, highly contrasting practices have been adopted by foundation 
designers universally and this inevitably leads to design conclusions that deviate 
vastly from one to the other as seen from the literature review. It is noted that of all 
the studies carried out so far, most of the works tend to focus on driven piles which 
were grouped conveniently into the classification of a floating pile, socketing pile or 
end-bearing pile and the one that received most attention is the end-bearing pile.  
 
Most of these studies also tend to emphasize on only one of the possible causes of 
NSF namely, soil re-consolidation after pile driving, lowering of ground water table 
or additional load imposed by surcharge. Hence, available field data for each type of 
problem is rather limited. As such, some of these conclusions drawn may also not be 
fully applicable in the Singapore context.  
 
The author has the opportunity of working on various piling projects in Singapore for 
almost 20 years and noted that pile design for NSF is fairly common in Singapore but 
 




characteristics of the pile and NSF problem encountered here may not be similar to 
some of those reported in the various literature. These characteristics are summarized 
as follows : 
a) Significant NSF resulted from ground water lowering and pile installation has 
seldom been reported. Hence, almost all NSF designs in Singapore are dealing 
with consolidation of soft soil due to surface loading or under its own weight. 
b) Due to limited land available, many new developments have high magnitude of 
loadings and opted bored pile as the foundation pile owing to its high capacity. It 
is fairly common to have large single bored pile adopted for such situation, 
therefore NSF on single bored pile is highly relevant in Singapore. 
c) Majority of piling projects in Singapore would only commence after the soft soil 
has undergone certain degree of consolidation. However, it is noted that most NSF 
studies centred on the scenario whereby consolidation commences after the pile 
has been installed and is therefore not reflecting the actual condition here. 
d) In Singapore, piling projects always design piles to support imposed loadings 
from the superstructure. Hence, NSF studies that assumed no imposed loading at 
the pile head are also not directly applicable here. 
e) As most piles are designed to carry heavy imposed loadings, the floating pile 
condition is unlikely to happen in Singapore. The most typical bored pile formed 
in Singapore resembles that of an end-bearing pile since the socket length is often 
extensive in hard soil with SPT N exceeding 80 or in other cases, the pile would 
be founded in rock which make it a truly end-bearing pile.   
 
It is thus evident that some of the conclusions drawn from previous studies reported in 
the literature review may not be directly applicable in the Singapore context, 
 




especially when most piling in Singapore would only commences after the soft soil 
has undergone certain degree of consolidation. There is therefore a need to carry out a 
study focusing on actual local condition encountered with regard to pile behaviour 
subjected to NSF.  
 
Although not all engineers are agreeable to the design procedures recommended by 
CP4 : 2003 as described in Section 2.2.1, there is almost no disagreement among all 
engineers that the depth to neutral plane (NP),  ZNP, magnitude of total dragload (PN) 
and degree of mobilization (η) of NSF are vital aspects in getting the NSF design 
correct regardless of which design approach is adopted. 
 
In view that field testing for NSF is a costly and tedious exercise while centrifuge 
modeling has its limitations and may not be able to simulate actual site condition 
completely, hence, numerical modeling would be adopted in this research with the 
aim to seek a better understanding on the behaviour of a typical “Singapore” bored 
pile subject to realistic local condition with respect to the depth to NP,  ZNP, 
magnitude of total dragload. PN and degree of mobilization, η of NSF since influence 
























Fig. 2.2  Illustration of Unified Design Analysis Procedure (After Fellenius, 1998) 
 
 















Fig. 2.4   Axial Load Profile upon Application and Removal of Transient Live Load 
(After Shen, 2008) 
 












Fig. 2.6 Results of Measurement for Piles with NSF (After Bjerrum et al., 1969) 
 











Fig. 2.8 Results of Time vs Pile and Soil Displacement (After Endo et al., 1969) 
 










Fig. 2.10 Distribution of Unit Shaft Resistance with Time (After Leung et al., 1991) 
 










Fig. 2.12  Load Transfer Curve upon Dead Load Application and Surcharge (After 
Shen, 2008) 
 










Fig. 2.14 Variation of α with Strength Ratio (After Fleming et al., 2008) 
 
 


















CHAPTER  3  BACKGROUND OF FINITE ELEMENT METHOD 
USED 
 
3.1   Introduction  
 
Numerical analysis has undergone major development during the past few decades 
and is proven to be an ideal tool in performing geotechnical analysis where complex 
soil-structure interactions are involved. Owing to the rapid advancement of computer 
technology, many such analytical procedures have become commonly available.  
 
Commercial geotechnical FEM software, Plaxis 2D Version 9.02 was used to carry 
out the numerical modeling of the effect of NSF on a single pile for this study. Plaxis 
is a special purpose two-dimensional finite element program commonly used to 
perform deformation and stability analyses for geotechnical problem. It is equipped 
with various constitutive models including some advanced constitutive models which 
are capable of simulating the non-linear and time-dependent behaviour of soil. 
 
In addition, Plaxis is capable of considering pore pressure either in a hydrostatic or 
non-hydrostatic condition. It can also deal with complex interaction between the 
structure and the soil. As Plaxis distinguishes between drained and undrained soils to 
model behaviour of permeable sands and highly impermeable clays, excess pore 
pressures are generated during plastic calculations when undrained soil layers are 
subjected to change in loadings. Dissipation of excess pore pressures with time can be 
computed using consolidation analysis available in Plaxis. All these features make 
Plaxis 2D an appropriate program for analysing the NSF problem resulted from 
interaction between the pile and the consolidating soil in the current study. 
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3.2 Numerical Modeling of Pile 
  
The use of numerical analysis to understand pile behaviour is a common approach 
adopted by geotechnical engineer today. Finite element method (FEM) is one such 
method that is capable of providing approximate solutions to boundary value 
problems of continuum mechanics. Ideally, the problem domain defined should be 
large enough to ensure there is no significant displacement induced along the 
boundaries as a result of the numerical solution. On the other hand, the problem 
domain should also be kept as small as possible so as to minimize computation time. 
 
According to Poulos (1989), FEM offers the most powerful analytical approach for 
pile design as both the non-linear behaviour of soil and the complete history of pile 
can be modeled. However, one should recognise that FEM is a complex tool which 
requires the user to have a good understanding of the specific engineering problem to 
be solved. For example, Potts and Zdravkovic (2001) pointed out that one of the most 
important issues in analyzing a pile subject to vertical loading is the correct modeling 
of the interface between the pile and the soil. 
 
To investigate the capability of FEM in simulating pile behaviour, Wehnert and 
Vermeer (2004) carried out a back analysis of a load test of bored pile in Germany. 
They demonstrated that the presence of interface is important especially for the shaft 
resistance. Comparing the results obtained for Mohr-Coulomb (MC), Soft-Soil (SS) 
and Hardening Soil (HS) model, they concluded that the choice of constitutive model 
is not important for the base resistance but the HS model appears to give the best-fit 
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results to the test data with regard to shaft resistance but they also cautioned that more 
test results are required to confirm this observation. 
 
Lee et al. (2002) conducted a number of numerical modeling of dragloads in pile 
foundations. From their study, they confirmed that the use of an appropriate pile-soil 
interface to allow soil slip would enable a reasonably accurate prediction of negative 
skin friction in consolidating ground. They further suggest that non-linear finite 
element analysis should always be validated against field or centrifuge test data. 
 
Based on recommendations from various researchers, it is evident that the use of FEM 
is capable of modeling realistic pile behaviour including the simulation of dragload in 
a consolidating ground. However, this requires a careful selection of an appropriate 
pile-soil interface which is best obtained by validating against field or centrifuge test. 
As numerical analyses are performed based on the basis of given input and not from 
an inherent understanding of the physics of the problem, parametric studies should 
also be carried out on some of the important factors to confirm the validity of the 
solutions obtained. 
 
3.3 Constitutive Model 
 
In this study, the Hardening soil model (HS) was chosen to simulate the behaviour of 
both the stiff and soft soil considered. Although similar to the well known elastic-
plastic Mohr-Coulomb model (MC) in that HS model also has its limiting states of 
stress defined by the friction angle, ϕ, the cohesion, c, and the dilatancy angle, ψ, 
unlike the MC model whereby only a constant average stiffness may be input, the HS 
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model allows input of stress-dependent stiffnesses, this allows a more realistic 
simulation of actual soil behaviour. However, as the material stiffness matrix is 
formed and decomposed in each calculation step, longer computation time is 
generally expected. 
  
The hardening soil model (HS) is an advanced model for the simulation of soil 
behaviour. It is considered a general second-order model, an elastoplastic type of 
hyperbolic model. Unlike an elastic perfectly-plastic model, the yield surface of the 
HS model is not fixed in the principal stress space, it can expand due to plastic 
straining. It undergoes shear hardening to simulate irreversible plastic strains due to 
primary deviatoric loading and compression hardening to model irreversible plastic 
strains due to primary compression in oedometer and isotropic loading. In addition, 
the HS model allows input of stress dependent stiffness according to a power law. 
 
3.3.1 Hyperbolic Relationship for the HS Model 
 
The basic formulation of the HS model is the hyperbolic relationship between the 
vertical strain, ε1 and deviatoric stress, q in primary loading of soil. The hyperbolic 
relationship for stress-strain was first formulated by Kondner (1963) and later used in 
the well-known Hyperbolic model (Duncan and Chang, 1970). Standard drained 





 1 െ ݍ ݍ௔⁄
         for  q ൏ q୤                                     ሺ3.1ሻ 
 
where  ܧହ଴ is the secant modulus at 50% strength and ݍ௔ is the asymptotic value of 
the shear strength. This relationship is illustrated in Figure 3.1. The ݍ௔ term and the 
ultimate deviatoric stress, ݍ௙ are defined as follows : 
 






ቇ                                                                  ሺ3.2ሻ 
ݍ௙ ൌ ሺܿᇱܿ݋ݐ߮ᇱ െ ߪଷ ᇱሻ
2 sin ߮ᇱ
1 െ ݏ݅݊߮ᇱ
                                               ሺ3.3ሻ 
where Rf is the failure ratio and σ3’ is the minor principal effective stress. Take note 
that expression for ݍ௙ is derived from the MC failure criterion involving the strength 
parameters, c’ and ϕ', this implies that when q reaches qf, perfectly plastic yielding 
would occur as described by the MC model. It thus follow that Rf would not exceed 
1.0 and for the purpose of this study, Rf is assumed as 0.9. 
 
For primary loading, the stress strain behaviour of soil is highly nonlinear, hence the 
stiffness is defined by E50 which is confining stress dependent. In contrast, the 
unloading and reloading path is modelled as purely elastic with the elastic component 
of strain, εe following Hooke’s law. Both ܧହ଴ and unloading / reloading stiffness,  ܧ௨௥ 
are dependent on σ3’ according to power law indicated by m as follows :  
ܧହ଴ ൌ ܧହ଴
௥௘௙ ቆ
ܿᇱ cos ߮ᇱ െ  ߪଷ ᇱ sin ߮ᇱ
ܿᇱ cos ߮ᇱ ൅  ݌௥௘௙ sin ߮ᇱ
ቇ
௠
                              ሺ3.4ሻ 
ܧ௨௥ ൌ ܧ௨௥
௥௘௙ ቆ
ܿᇱ cos ߮ᇱ െ  ߪଷ ᇱ sin ߮ᇱ
ܿᇱ cos ߮ᇱ ൅  ݌௥௘௙ sin ߮ᇱ
ቇ
௠
                                ሺ3.5ሻ 
where ܧହ଴
௥௘௙  and ܧ௨௥
௥௘௙  are the reference stiffness corresponding to the reference 
confining pressure,  ݌௥௘௙ for primary loading and unloading / reloading respectively. 
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3.3.2  Compression Hardening of the HS Model 
 
To take into account of the plastic volume strain observed in an isotropic 
compression, a cap type yield surface, ݂௖ is introduced in the HS model (see Figure 
3.2). This cap type yield surface describes the compression hardening under isotropic 




൅ ݌ଶ െ ݌௣ଶ                                                        ሺ3.6ሻ 
where  ݍ෤  is a special stress measure for deviatoric stresses,  ߙ  is a cap parameter, 
݌ ൌ ሺߪଵ ᇱ ൅ ߪଶ ᇱ ൅ ߪଷ ᇱሻ/3   is the mean effective stress and ௣ܲ  is the isotropic pre-
consolidation stress. The hardening law relating  ݌௣  to volumetric cap strain, ߝ௩
௣௖ is 









                                                  ሺ3.7ሻ 
where ߚ is a cap parameter and is related to the reference tangent stiffness in primary 
oedometer loading, ܧ௢௘ௗ
௥௘௙. Hence, the tangent stiffness in primary oedometer loading, 
ܧ௢௘ௗ will control the cap yield surface and is defined as follows : 
ܧ௢௘ௗ ൌ ܧ௢௘ௗ
௥௘௙ ቆ
ܿᇱ cos ߮ᇱ െ  ߪଵ ᇱ sin ߮ᇱ




                               ሺ3.8ሻ 
It should be noted that unlike ܧହ଴ and  ܧ௨௥, ܧ௢௘ௗis dependent on the major effective 
principal stress ߪଵ ᇱ .The size and shape of the cap are determined by ݌௣  and ߙ 
respectively, as shown in Figure 3.2. The ellipse is used as both a yield surface and a 














                                     ሺ3.9ሻ 
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3.3.3 Shear Hardening of the HS Model 
 







െ ߛ௣   and    ߛ௣ ൌ െ൫2ߝଵ
௣ െ ߝ௩
௣൯               (3.10) 
where ߝଵ
௣, ߝ௩
௣  are the plastic axial strain and plastic volumetric strain respectively. ߛ௣ 
is the plastic shear strain and is used as a strain-hardening parameter. For hard soil, 
ߝ௩
௣ is relatively small compared to ߝଵ
௣, this leads to the approximation ߛ௣ ൎ െ2ߝଵ
௣. For 
primary loading which implies the yield condition (݂௦ ൌ 0ሻ, axial plastic strain can be 














                                          ሺ3.11ሻ 




      െ ߝଶ௘ ൌ െߝଷ௘ ൌ െݒ௨௥
ݍ
ܧ௨௥
                                   ሺ3.12ሻ 
 
For deviatoric loading stage of the triaxial test, the axial strain, ߝଵ is the sum of 
equations 3.11 and 3.12 and this yields the same answer as equation 3.1. 
 
In the HS model, relationship between plastic volumetric strain, ߝ௩
௣ and plastic shear 
strain, ߛ௣ is as follows : 
ߝሶ௩
௣ ൌ sin ߰௠ߛ௣ሶ                                                              ሺ3.13ሻ 
where ߰௠ is the mobilised dilatancy angle in accordance with Rowe’s stress-dilatancy 
theory, this is given as : 
sin ߰௠ ൌ
sin ߮௠   ᇱ െ sin ߮௖௩
1 െ sin ߮௠   ᇱ sin ߮௖௩
                                               ሺ3.14ሻ 
where ߮௖௩ is the critical state friction angle and ߮௠   ᇱ is the mobilized friction angle, 
calculated as follows: 
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sin ߮௠   ᇱ ൌ
ߪଵ  ᇱ െ ߪଷ  ᇱ
ߪଵ
  ᇱ ൅ ߪଷ
  ᇱ െ 2ܿᇱ cot ߮ᇱ
                                          ሺ3.15ሻ 
In Plaxis, ߮௖௩ could be obtained from equation 3.14, hence it is sufficient for user to 
input ߮ᇱ and ߰. 
 
3.3.4 Common Input Requirements for the HS Model 
 
As HS model has its limiting states of stress defined by the friction angle, ϕ, the 
cohesion, c, and the dilatancy angle, ψ, hence these are the fundamental parameters 
requied. In addition, stress-dependent soil stiffness are defined by reference secant 
stiffness, ܧହ଴
௥௘௙ for primary loading, reference tangent stiffness, ܧ௢௘ௗ
௥௘௙  for primary 
oedometer loading and reference unloading / reloading stiffness, ܧ௨௥
௥௘௙ for unloading 
or reloading condition. To define behaviour of stress dependency for these stiffnesses, 
appropriate power, ݉ , is also needed. Note that when m = 1.0, a logarithmic 
compression behaviour is defined and typical value of m for sand would be 0.5. 
 
Advanced parameters that may be input include poisson’s ratio for unloading / 
reloading, ݒ௨௥, reference stress for stiffness, p
ref, coefficient of lateral earth pressure 
for a normally consolidated stress state, KoNC and the failure ratio, Rf. However, it 
should be noted that although the HS model can be regarded as an advanced soil 
model, there are a number of features of the real soil behaviour that the model does 
not include. The major limitations are that HS model does not account for strain 
softening due to soil dilatancy and it also does not distinguish between large stiffness 
at small strains and reduced stiffness at higher strain levels. 
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3.4  Modeling of Interface 
 
In modeling pile-soil interaction, the inclusion of an appropriate interface is crucial, 
this has been confirmed by Lee et al. (2002) and Wehnert and Vermeer (2004). In 
Plaxis, Interface elements are simulated by means of the bilinear MC model. When 
advanced soil model such as the HS model is used, the interface element will adopt 
the relevant c, ϕ, ψ, E and υ for the MC model. In this case, the interface stiffness, Ei 
is set to the elastic soil stiffness, Eur and Eur is stress level dependent and will follow a 
power law with Eur proportional to σm. 
  
In Plaxis, interface properties are derived from the corresponding soil layer where the 
interface locates. The main interface parameter required is the strength reduction 
factor, ܴ௜௡௧௘௥ . As explained above, an elastic-plastic model is used to describe the 
behaviour of interfaces for the modeling of soil-structure interaction. The Coulomb 
criterion is used to distinguish between elastic and plastic interface behaviour. 
 
For the interface to remain elastic where small displacements can occur within the 
interface, the shear stress ߬ is given by: 




ଶ                                                    ሺ3.17ሻ 
and ߬௦ଵ and ߬௦ଶ are shear stresses in the two perpendicular shear directions and ߪ௡ is 
the effective normal stress. For plastic interface behaviour when permanent slip may 
occur ߬ is given by : 
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|߬| ൌ ߪ௡ tan ߮௜ ൅ ܿ௜                                               ሺ3.18ሻ 
where ߮௜ and ܿ௜ are the friction angle and cohesion (adhesion) of the interface. 
 
The strength properties of interfaces are related to the strength properties, namely, csoil 
and ϕsoil of the soil layer where the interface locates. The interface properties are 
calculated from the soil properties or by applying the following rules : 
ܿ௜ ൌ ܴ௜௡௧௘௥ܿ௦௢௜௟                                                       ሺ3.19ሻ 
and  
tan ߮௜ ൌ ܴ௜௡௧௘௥ tan ߮௦௢௜௟ ൑ tan ߮௦௢௜௟                                    ሺ3.20ሻ 
 
3.5  Summary 
 
 
Having evaluated the background theory of the FEM software Plaxis, it is concluded 
that the program is capable of producing reasonable results for studying the behaviour 
of pile subjected to NSF. Availability of advanced constitutive model such as the HS 
model allows input of stress-dependent stiffnesses, this will therefore provide a more 
realistic simulation of actual soil behaviour. 
 
In addition, ability to carry out a coupled consolidation analysis and the ease of 
including an appropriate interface element between the pile and the consolidating soil 
so as to allow slippage to occur is another crucial factor in ensuring the modeling of 
pile behaviour is reasonably accurate. 
  
 



















CHAPTER  4 NUMERICAL STUDY ON NEGATIVE SKIN 
FRICTION 
 
4.1   Problem Definition  
 
As explained in Chapter 1 and 2, the main focus of this study is to seek a better 
understanding on the behaviour of a typical “Singapore” bored pile installed in a 
consolidating ground when subject to realistic local condition. In this aspect, only 
consolidation resulted from surcharge loading would be considered and only 
behaviour of depth to NP,  ZNP, magnitude of total dragload, PN and degree of 
mobilization, η of NSF would be examined.  
  
From results of studies by various researchers, the following parameters are identified 
as possible factors that may influence ZNP, PN and η : 
a) Duration between commencement of consolidation and pile installation. 
b) Magnitude and profile of ground settlement. 
c) Thickness of consolidating layer. 
d) Magnitude of imposed loading at pile head. 
e) Compressibility of base material at pile toe. 
f) Strength and stiffness of consolidating soil around pile. 
g) Pile stiffness. 
 
Variations of factors e), f) and g) are considered limited in the local context owing to 
the following reasons : 
 




i. Bored pile toe will typically socket significantly into SPT N of at least 80 and 
compressibility of soil around socketed shaft and toe will always be low, thus 
variation of Young’s modulus of soil, Es at pile toe would also be insignificant. 
ii. Marine clay is most likely the type of soft soil found to be consolidating. There 
were substantial studies carried out on this soil type and its strength and stiffness 
would vary within a relatively narrow band. 
iii. Concrete is used to form bored pile, Young’s modulus of concrete has a small 
range of variation with different concrete grade. 
 
Having identified this, in this numerical study on NSF, only influence of factors a), b), 
c) and d) would be investigated. This was done through carrying out various 
parametric studies on 3 hypothetical bored piles, namely, pile A, B and C. All piles 
were assumed to be of 1 m diameter and would socket 10 m into the underlying very 
dense silty sand layer with SPT N value of more than 80. 
 
Young’s modulus of concrete for pile, Ep was assumed to be 30 GPa for all 3 bored 
piles. Pile A, B and C represent typical bored piles installed through different 
thickness of soft consolidating clay. In the study, pile A was installed through 10 m 
thick of soft marine clay, pile B was installed through 20 m thick of soft marine clay 
and pile C was installed through 40 m thick of soft marine clay. In the author’s 
experience, marine clay thickness of about 40 m is probably close to the maximum 
known to occur in Singapore and it is common for bored pile of this size to socket at 
least 10 m into the underlying competent soil. Hence, pile A, B and C would represent 
a good coverage of bored pile subject to NSF in Singapore. 
 
 




For ease of reference, Ls was used to denote the thickness of consolidating soil, D 
would represent the diameter of bored pile simulated. As the model consists of 1 m 
fill at the top of the soft clay layer, the thickness of consolidating soil to pile diameter 
ratio, Ls/D, taking into account the presence of 1 m thick fill, is thus 11, 21 and 41 for 
pile A, B and C respectively throughout this study. These 3 piles would therefore be 
used to examine the effect of different thickness of consolidating layers as stated in c) 
in tandem with other parameters variation. 
 
Impact of time factor described in a) was considered by installing the pile after the 
ground had achieved specific degree of consolidation. For the purpose of this study, 
degree of consolidation was defined by the amount of ground surface settlement at the 
point of time when the pile was installed. In this case the average degree of 




                                                                       ሺ4.1ሻ 
where Soc is the average ground surface settlement at current stage and Sof is the final 
average ground surface settlement when excess pore pressure becomes zero. In the 
numerical study, the average surface ground settlement was consistently determined 
at the mid-width of the numerical model so as to eliminate possible influence of the 
boundary effect. Various combination of parametric study as shown in Table 4.1 was 
carried out by assuming each pile was installed after the ground had achieved the 
corresponding 0%, 50%, 70% or 90% consolidation based on definition of ground 
surface settlement given in equation 4.1. 
 
 




In order to provide a better overall understanding of the details of the total 108 
combinations of factors that have been considered in the current parametric study, 
Table 4.1 in the following page presents a summary of these combinations of 









Table 4.1 Combination of Influencing Factors Considered 
Pile Case Load Degree of Consolidation when Pile Installed 
(Ls/D)   0% 50% 70% 90% 
A 1 a     
(11) 1 b     
 1 c     
 2 a     
 2 b     
 2 c     
 3 a     
 3 b     
 3 c     
B 1 a     
(21) 1 b     
 1 c     
 2 a     
 2 b     
 2 c     
 3 a     
 3 b     
 3 c     
C 1 a     
(41) 1 b     
 1 c     
 2 a     
 2 b     
 2 c     
 3 a     
 3 b     
 3 c     
 




To simulate the influence of various magnitude of ground settlement as stated in b), 3 
different values of surcharge were imposed on the soft clay. In Table 4.1, case 1, 2 
and 3 refers to the situation when a surcharge of 10 kPa, 20 kPa and 40 kPa was 
applied on the top of soft clay respectively. The total final average ground settlement, 
Sof as a result of the imposed surcharge for each pile is as shown in Table 4.2 below 
based on results obtained from the FEM model using soil parameters summarized in 
Table 4.4 : 
 
Table 4.2 Final Ground Settlement Caused by Different Surcharge 
Pile Final Ground Settlement, Sof Caused by Surcharge (mm) 
 10 kPa 20 kPa 40 kPa 
Pile A (Ls/D = 11) 206 343 527 
Pile B (Ls/D = 21) 259 441 713 
Pile C (Ls/D = 41) 314 552 918 
 
Finally, to study the influence of the magnitude of imposed loading on the pile head 
specified in d), 3 values of imposed loadings were considered. It should be noted that 
unlike in most studies where values of imposed loadings are arbitrarily selected, in 
this study, imposed loadings were proposed to be defined by the amount of pile head 
settlement measured at 1 time designed working load.  
 
The reason for this is that in projects where presence of NSF is expected, designed 
working load would vary vastly from one project to the other. Since most projects 
would carry out pile load test through the soft soil at the design working load, it thus 
make sense by relating the imposed load to the induced pile head settlement measured 
 




in a pile load test before further consolidation takes place. In this case, load (a), (b) 
and (c) of Table 4.1 were used to refer to an imposed load at pile top that would cause 
5 mm, 10 mm and 15 mm pile head settlement respectively. In the numerical study, 
this was achieved by prescribing the specific amount of displacement required at the 
pile head. Once the corresponding load was determined under the specific pile head 
displacement, this load was then applied at the pile head followed by the development 
of NSF simulated by coupled consolidation analysis. 
 
Using case 1 as the reference case, Table 4.3 indicates the corresponding imposed 
load required to produce 5 mm, 10 mm and 15 mm pile head settlement during load 
test condition : 
 
Table 4.3 Imposed Load Required for Various Pile Head Settlement 
Pile Imposed Load Required for Pile Head Settlement (kN) 
 5 mm 10 mm 15 mm 
Pile A (Ls/D = 11) 3574 4869 5338 
Pile B (Ls/D = 21) 3485 5675 6630 
Pile C (Ls/D = 41) 2356 4720 6724 
 
At first glance, it may look puzzling to note that lesser load is required to impose the 
same pile head settlement of 5 mm for a longer pile, for example pile C versus pile A 
and B or pile B versus pile A, since all piles have the same socket length of 10 m in 
the competent soil. However, closer examination revealed that this is reasonable 
owing to the fact that higher elastic shortening was generated in a longer pile as the 
thickness of soft clay for a longer pile had also increased proportionately. 
 




4.2 FEM Model and Soil Parameters  
 
Interaction between the pile and the settling ground as a result of consolidation was 
numerically analyzed using the 3 axisymmetric finite element meshes shown in 
Figure 4.1 for pile A, B and C representing the consolidating soil thickness to pile 
diameter ratio, Ls/D of 11, 21 and 41 respectively. The Plaxis FEM mesh adopted 
consists of 15-noded triangular elements that provide numerical integration involving 
12 Gauss points. Finer mesh was used within a distance of 5 times the pile diameter 
from the pile shaft and from the pile toe while coarser mesh was used beyond that to 
minimize computation time. To ensure proper modelling of the NSF problem, 
interface element was assigned at the pile-soil interface. 
 
The left and right boundaries of the model were restrained in the horizontal direction 
allowing only vertical translation while the bottom boundary was fixed in both the 
horizontal and vertical directions. These boundaries were set far away from the 
subject pile to ensure there was negligible influence on the computed results. Before 
the FEM mesh as shown in Figure 4.1 was adopted, bigger geometry with width and 
depth of  twice the pile length, L using finer mesh in region around the pile was also 
used to compare the analysis results with that obtained from the geometry and mesh 
size adopted in the current study. Difference in key analysis results obtained from the 
two sizes of geometry and mesh refinement is no more than 7.8% and is considered 
insignificant, hence the proposed FEM mesh as presented in Figure 4.1 was 
considered appropriate and was consistently used for all analyses in this study. 
   
 




In all the 3 FEM models as shown in Figure 4.1, the soil profile consists typically of a 
1 m thick fill overlying the soft marine clay. Fictitious density of fill was considered 
in simulating different magnitude of surcharge loading imposed on the soft marine 
clay. For the model with Ls/D of 11, 21 and 41, the thickness of soft clay assumed 
was thus 10 m, 20 m and 40 m respectively. Below the soft marine clay lied the very 
dense silty sand material. The pile size adopted in all the 3 FEM models was 1 m and 
all piles were socketed 10 m into the underlying very dense silty sand layer. Other 
than variation in the thickness of soft clay layer and the overall width and depth of 
each FEM model, all other inputs remained unchanged throughout the study for each 
combination identified. The parametric studies were then carried out by changing 
each identified parameter one at a time for each of the FEM models presented.  
 
In the consolidation analysis, dissipation of excess pore pressure was only permitted 
through the top surface which represents a single drainage path problem since this is 
commonly observed in actual project. This was done by closing the consolidation 
boundaries at both the left and right as well as the bottom boundary. In other words, 
there was no flow of water across these boundaries. Ground water level was 
maintained at the top of marine clay throughout the analyses. 
 
All soil types were modelled using the HS model since it would provide more realistic 
soil behaviour. Parameters of the soil layers adopted for the HS model were obtained 
and modified from Shen (2008) and Sun (2012) with adjustment made for local 
experience. It is to note that the Rinter adopted for the interface is 1.0, this would yield 
a β value of 0.25 based on the current input parameters using the Plaxis interface 
formulation and was found to be comparable with what Shen (2008) has concluded 
 




from the centrifuge model test. In view of this, this value is used throughout the 
parametric studies.  Table 4.4 summarizes the soil parameters adopted for the HS 
model used throughout the study for Ls/D of 11, 21 and 41. 
 




2. Soft Clay 
3 
3. Dense Sand 
4 
1. Fill 
Type Unit UnDrained Drained Drained 
γunsat [kN/m³] 16.00 20.00 20.00 
γsat [kN/m³] 16.00 20.00 20.00 
kx [m/day] 0.001 0.864 0.864 
ky [m/day] 0.001 0.864 0.864 
einit [-] 0.50 0.50 0.50 
emin [-] 0.00 0.00 0.00 
emax [-] 999.00 999.00 999.00 
ck [-] 1E15 1E15 1E15 
E50ref [kN/m²] 2000.00 200000.00 15000.00 
Eoedref [kN/m²] 2000.00 200000.00 15000.00 
power (m) [-] 1.00 0.50 0.50 
cref [kN/m²] 0.10 20.00 0.10 
ϕ [°] 22.00 38.00 35.00 
ψ [°] 0.00 0.00 0.00 
Eurref [kN/m²] 6000.00 600000.00 45000.00 
νur(nu) [-] 0.200 0.200 0.200 
pref [kN/m²] 100.00 100.00 100.00 
cincrement [kN/m²] 0.00 0.00 0.00 
yref [m] 0.00 0.00 0.00 
Rf [-] 0.90 0.90 0.90 
Tstr. [kN/m²] 0.00 0.00 0.00 
Rinter [-] 1.00 1.00 1.00 









4.3  Adopted Construction Phases 
  
Simulation of FEM calculation in a proper sequence is essential. This could be done 
by specifying appropriate calculation phases. As no installation effect was considered 
in the current study, hence the pile was wished-in-place. Table 4.5 describes the 
sequence of construction phases adopted for the FEM study. 
 
Table 4.5 Adopted Construction Phases 
No. Description Calculation Type 
1 Apply Appropriate Surcharge Plastic 
2 Allow 0%, 50%, 70% or 90% consolidation as 
determined by ground surface settlement 
Consolidation 
3 Install Pile Plastic 
4 Apply Appropriate Load at Pile Head Plastic 
5 100% Consolidation Consolidation 
 
To establish the percentage of consolidation based on ground surface settlement in 
calculation phase 2 for each analysis, a trial and error procedure was carried out. The 
final ground settlement, Sof for each Ls/D ratio under an imposed surcharge loading of 
10 kPa, 20 kPa or 40 kPa was first determined by carrying out a consolidation 
analysis with full dissipation of excess pore pressure. Once Sof was known, a trial and 
error procedure was carried out by specifying the minimum pore pressure required in 
the Plaxis calculation until the targeted Soc as defined in equation 4.1 for the 
corresponding percentage of consolidation was obtained before proceeding to 
calculation phase 3 to 5. 
 
   
 




In addition, calculation phase 4 also required a 2-step input. In order to obtain the 
imposed loading required at the pile head to produce an accurate pile head settlement 
of 5 mm, 10 mm or 15 mm, a calculation was first performed by prescribing the pile 
head displacement required. Under the prescribed pile head displacement, the 
corresponding axial load could be obtained from the analysis output. Once the axial 
load was known, the prescribed displacement was then removed and the computation 
repeated for phase 4 and 5 again by inputting the corresponding axial load obtained 
from the prescribed displacement. Replacing the prescribed displacement by the 
actual load was necessary as further consolidation would result in additional pile head 
settlement and the pile head displacement should not become a given boundary 
condition in the consolidation analysis of calculation phase 5. 
 
In the proposed construction sequence, no consolidation was allowed between the 
instance when the pile was installed and the moment the required load was applied at 
the pile head. This is because the duration for most projects to complete with the 
design load applied is typically significantly shorter than the time required for 
substantial consolidation to take place and is therefore a reasonable assumption. 
 
4.4  Summary  
 
Details of how FEM parametric study was carried out in investigating the influence of 
4 factors including time of pile installation, magnitude of surcharge loading, thickness 
of consolidating layer and magnitude of imposed loading on pile head in the 
development of NSF with respect to ZNP, PN and η has been explained. 
 




Although Shen (2008) has concluded that drained analysis would yield similar results 
to a consolidation analysis, in the current study, emphasis was placed on influence of 
time effects hence the rather time consuming consolidation analysis involving the 
Biot-consolidation process would need to be carried out. Results obtained from the 
numerical study would be discussed in detail in the next chapter. 
  








CHAPTER  5 RESULTS OF FINITE ELEMENT METHOD  
STUDY 
 
5.1   Introduction 
 
The four parameters that were identified as factors that may influence ZNP, PN and η 
and chosen for extensive parametric studies are as follows: 
a) Duration between commencement of consolidation and pile installation. 
b) Magnitude of surcharge causing various amount and profile of ground settlement. 
c) Thickness of consolidating layer. 
d) Magnitude of imposed loading at pile head. 
 
Parametric studies were typically performed by repeating the same finite element 
procedure with different input of a selected parameter while keeping the inputs of all 
other parameters constant. For the purpose of this study, the influence of these factors 
on NSF are confined to only 3 vital aspects of NSF, that is, the depth to NP, ZNP, 
magnitude of maximum dragload PN and degree of mobilization η. 
 
Definition of ZNP and PN has already been given in details in the preceding chapter 
and will not be repeated here. However, in order to have a consistent definition of η, 
it is necessary to adopt a specific definition for  PNmax for the numerical procedure.  
 
As given by equation 2.8, the degree of mobilization of NSF, η, is defined as, 
ߟ ൌ ேܲ ேܲ௠௔௫⁄   where PN is the mobilized dragload at NP and PNmax is the maximum 
 




total dragload. For the purpose of this study, PNmax is taken as the maximum total 
dragload computed using β-method at the bottom of the soft clay which is given by :   
ேܲ௠௔௫ ൌ න ܣ௦ߚߪ௩ᇱ݀ݖ
௅ೞ
଴
                                                    ሺ5.1ሻ 
 
where Ls is the thickness of the settling soil, As is the shaft area per unit length of the 
pile, β is an empirical factor and σv’ is the vertical effective stress at depth z. In 
theory, β may be estimated from Ks tan δ, where Ks is the lateral stress coefficient and 
δ is the pile-soil friction angle. However, in the numerical model, β could be back-
calculated from equation 3.18 since σn is known to be Koσv’. Hence, β is computed to 
be 0.25 using soil parameters adopted for the soft marine clay. Reason for β-method 
to be chosen as the basis in computing PNmax is that from various literature reported in 
chapter 2, β-method has been proven to be a consistent method in evaluating the value 
of PN in field measurements, this is also supported in recent study by Shen (2008).  
 
Results of analyses obtained for the complete combination of influencing factors 
considered in Table 4.1 are summarized in Table 5.1. Load distribution curve and 
normalised dragload plot for all analyses are presented in Figure 5.1 to Figure 5.27. 
Owing to the similarity in trend, only pile and soil settlement profile obtained for load 
(c) are shown for each Ls/D in Figure 5.28 to Figure 5.36. 
 
Figure 5.37 to 5.39 presents the influence of time characterized by the degree of 
consolidation that the soil had undergone based on ground settlement when the pile 
was installed. Figure 5.40 to 5.42 summarizes the influence of magnitude of surcharge 
applied while Figure 5.43 to 5.45 indicates influence of magnitude of imposed loading 
 




at pile head represented by pile head settlement at 1 time working load and finally 
Figure 5.46 to 5.48 concludes the effect of thickness of consolidating soil layers.  
  
 




Table 5.1 Results of ZNP and η for Various Influencing Factors Considered 
Ls/D Case Load Degree of Consolidation when Pile Installed 
   0% 50% 70% 90% 
   ZNP/Ls η ZNP/Ls η ZNP/Ls η ZNP/Ls η 
11 1 a 0.96 0.75 0.96 0.74 0.96 0.69 0.96 0.52 
 1 b 0.96 0.67 0.96 0.66 0.96 0.59 0.96 0.39 
 1 c 0.91 0.63 0.96 0.62 0.96 0.56 0.85 0.35 
 2 a 0.96 0.84 0.96 0.82 0.96 0.78 0.96 0.67 
 2 b 0.96 0.78 0.96 0.77 0.96 0.72 0.96 0.60 
 2 c 0.96 0.75 0.96 0.74 0.96 0.67 0.96 0.53 
 3 a 0.96 0.90 0.96 0.88 0.96 0.86 0.96 0.81 
 3 b 0.96 0.89 0.96 0.88 0.96 0.85 0.96 0.79 
 3 c 0.96 0.83 0.96 0.82 0.96 0.79 0.96 0.72 
21 1 a 0.98 0.64 0.98 0.63 0.98 0.59 0.98 0.42 
 1 b 0.98 0.54 0.98 0.53 0.98 0.49 0.98 0.32 
 1 c 0.85 0.46 0.82 0.42 0.83 0.39 0.80 0.25 
 2 a 0.98 0.74 0.98 0.73 0.98 0.70 0.98 0.53 
 2 b 0.94 0.66 0.90 0.63 0.90 0.60 0.90 0.43 
 2 c 0.88 0.59 0.88 0.59 0.84 0.52 0.80 0.35 
 3 a 0.98 0.87 0.98 0.87 0.98 0.84 0.98 0.71 
 3 b 0.98 0.83 0.98 0.83 0.98 0.80 0.94 0.62 
 3 c 0.93 0.77 0.94 0.78 0.90 0.73 0.83 0.52 
41 1 a 0.99 0.51 0.99 0.52 0.99 0.48 0.99 0.28 
 1 b 0.92 0.36 0.91 0.35 0.92 0.33 0.85 0.13 
 1 c 0.85 0.29 0.83 0.30 0.83 0.27 0.68 0.08 
 2 a 0.99 0.61 0.99 0.61 0.99 0.59 0.99 0.39 
 2 b 0.92 0.56 0.91 0.56 0.92 0.55 0.92 0.33 
 2 c 0.78 0.41 0.80 0.44 0.85 0.46 0.83 0.26 
 3 a 0.99 0.81 0.99 0.80 0.99 0.78 0.99 0.66 
 3 b 0.89 0.68 0.90 0.70 0.89 0.66 0.92 0.58 
 3 c 0.82 0.59 0.82 0.59 0.82 0.58 0.80 0.45 
 




5.2   General Observations 
 
From the computed results of FEM analyses, it was evident that the current 
combinations of parametric studies clearly indicated the existence of a neutral plane 
when the pile was subjected to negative skin friction. Load distribution curves 
presented in Figure 5.1 to Figure 5.27 also verified the basic mechanism of NSF in 
that the total dragload increased with depth and reached a maximum value at the 
depth to the neutral plane, ZNP when the relative soil settlement exceeds that of the 
pile. In addition, these plots also revealed that NSF was typically fully mobilized near 
the top as the load distribution curves coincide with that calculated by the β-method 
but huge deviation in dragload between that computed from FEM and that calculated 
from the β-method was observed near the region of NP which demonstrate the 
presence of the transition zone.   
 
Another important observation is that the NP would occur at the point where pile 
settlement is the same as the adjacent soil as shown in Figure 5.28 to Figure 5.36. It 
was noted from the plots that soil settlement at far field was considerably higher than 
that next to the pile as it appears that the relatively small settlement of the pile had 
“hang” on to the adjacent soil to prevent it from settling “freely”. Interestingly, these 
differences converge quickly towards the NP. In fact, as shown from the FEM 
analyses, these differences were considered negligible at the NP. 
 
Strictly speaking, soil settlement adjacent to the pile should be used to determine the  
location of the NP instead of that at the far field. However, it appears that the use of 
soil settlement determined at far field in well known method such as the “unified pile 
 




design” would still yield reasonable answer without considering the “hanging” effect 
produced by the presence of the pile. 
 
In general, from the numerical studies herewith, the depth to NP, ZNP appears to be 
less sensitive to the range of parameters studied. The ZNP was found to be within the 
range of 0.68Ls to 0.99Ls as seen in Table 5.1. In contrast, extreme variations in total 
dragload, PN and the corresponding degree of mobilization, η was observed in the 
present study. PN was found to vary between 159 kN to 4499 kN while η was 
computed to fluctuate between 0.08 to 0.90. 
 
As seen from the summary, all factors considered appear to be crucial in deciding the 
degree of mobilization. It is interesting to note that although most engineers pay little 
attention to the degree of consolidation which the ground has undergone when the pile 
is installed, it is also an important factor contributing to differences in η. Influence of 
each of the factors considered would be discussed in greater details below. 
   
  
 




5.3   Influence of Duration between Commencement of Consolidation and Pile 
Installation 
 
5.3.1  Effects on ZNP 
 
Figure 5.37 presents the variation of ZNP/Ls with respect to different point of time 
characterized by the degree of consolidation that the soil has undergone based on 
ground settlement when the pile was installed. As could be seen from the plots, ZNP/Ls 
varies within a relatively narrow band of 0.68 to 0.99 for the cases studied. The lower 
value of  ZNP/Ls was a result of higher applied load and not due to variation of time 
and would be discussed in the later section. It was observed that time factor had little 
influence on ZNP/Ls when the degree of consolidation that the soil had undergone was 
below 90% for all 3 cases of Ls/D with value of 11, 21 and 41. 
 
If the pile was installed after the soil had achieved at least 90% degree of 
consolidation, ZNP/Ls could be reduced by up to 10%, in other words, the NP would 
shift upwards slightly. However, this is only the case when the applied force of 1 time 
working load would cause a pile head settlement of at least 10 mm. This implies that 
for practical design conditions that are similar to the situations that were studied, it is 
not necessary to assess in details the state of soil consolidation as far as the ZNP is 
concerned. 
 
5.3.2 Effects on PN and η 
 
From Figure 5.1 to 5.27 as well as Figure 5.38, it was observed that PN varied 
between 159 kN to 572 kN (Ls/D = 11), 332 kN to 1543 kN (Ls/D = 21) and 376 kN 
to 4499 kN (Ls/D = 41). It is reasonable to have an increase in PN when Ls/D increases 
 




as a larger Ls/D ratio indicates the presence of thicker consolidating layers and hence 
larger NSF induced. In another form of presentation, Figure 5.39 presents the 
variation of η with the degree of consolidation that the soil has undergone when the 
pile was installed. Calculated η ranged from 0.35 to 0.90 (Ls/D = 11), 0.25 to 0.87 
(Ls/D = 21) and 0.08 to 0.81 (Ls/D = 41) for the series of cases studied.  
 
When the pile was installed after the soil had achieved 50% degree of consolidation, 
reduction in PN and η was no more than 10% for all 3 cases of Ls/D ratio considered. 
In a contrasting manner, if the degree of consolidation that the soil had undergone was 
at least 70% when the pile was installed, a higher degree of influence on the 
magnitude of PN and the corresponding value of η was observed. 
 
Figure 5.38 and 5.39 indicate that the reduction in PN and η was up to 15% when pile 
was installed after the soil had achieved 70% degree of consolidation and when the 
soil had achieved 90% degree of consolidation when the pile was installed, reduction 
in η was up to 44% (Ls/D = 11), 46% (Ls/D = 21) and 72% (Ls/D = 41) respectively. 
These results suggest that applying the same degree of mobilization obtained for piles 
undergoing full consolidation after the load was applied to an identical loading and 
soil condition where at least 70% consolidation considering ground surface settlement 








5.4   Influence of Magnitude of Loading at Ground Level 
 
5.4.1  Effects on ZNP 
 
Figure 5.40 presents the variation of ZNP/Ls with respect to different magnitude of 
surcharge loading on soft marine clay. Similar to the time factor, there appears to have 
little impact on the ZNP/Ls ratio when surcharge was increased for the current study. 
Although there was minor increase in ZNP/Ls when the surcharge was increased from 
10 kPa to 20 kPa for the case of higher imposed load applied at the pile head, this 
difference was less than 10% and is therefore considered as insignificant. 
 
5.4.2 Effects on PN and η 
 
Figure 5.41 and 5.42 indicate an increase in PN and hence η for each Ls/D ratio when 
the applied surcharge was increased. This is reasonable since higher surcharge would 
result in bigger ground settlement and therefore more dragload would be mobilized. 
From the computed results, it was observed that the increase in η was more 
significant for the same magnitude of imposed load when Ls/D ratio increases. It was 
also observed that for a given Ls/D and the same magnitude of imposed surcharge 
load, percentage increase in η was more pronounced if the soil had undergone at least 
70% consolidation when the pile was installed.  
 
5.5   Influence of Magnitude of Loading at Pile Head  
 
5.5.1  Effects on ZNP 
 
Figure 5.43 presents the variation of ZNP/Ls with respect to different magnitude of 
imposed load at the pile head. As explained in the preceding section, instead of 
 




applying arbitrary load at the pile head, in this study, different magnitude of load 
imposed at the pile head was expressed in terms of the pile head settlement measured 
in a load test at 1 time design working load. It appears that of all the parameters 
reviewed in this study, magnitude of imposed load at the pile head had the most 
significant influence on ZNP/Ls. For example, in the case of Ls/D = 41, a reduction of  
ZNP/Ls ratio by up to 30% was observed. 
 
From the plots, it was observed that increase in applied load at the pile head would 
reduce the ZNP/Ls ratio, in other words, the NP moves upwards, this is in general 
agreement with researchers such as Fellenius. However, it should be noted that this 
appears to be consistently so in what was known as a “slender” pile or in the study, 
this referred to the pile with Ls/D = 41. In the case of a “stocky” pile such as the one 
with Ls/D = 11, a higher magnitude of load which produced more than 10 mm pile 
head settlement during load test would be required for such behaviour. 
 
5.5.2 Effects on PN and η 
 
Figure 5.44 and 5.45 indicate a decrease in PN and hence η for each Ls/D ratio when 
the applied load at the pile head measured in terms of pile head settlement at 1 time 
working load increased. Reduction in η was more noticeable for a slender pile with 
Ls/D=41 than a stocky pile with Ls/D=11 for the same amount of increase in pile head 
settlement at 1 time working load. Similar to the ZNP/Ls behaviour, for the case of 
Ls/D = 11, a higher magnitude of load that produced more than 10 mm pile head 
settlement during load test would be required to produce considerable reduction in 
η when the degree of consolidation of soil was low. 
 
 




5.6   Influence of Thickness of Consolidating Layers  
 
5.6.1  Effects on ZNP 
 
It should be noted that Figure 5.46 to 5.48 used a slightly different presentation from 
previous plots. Each previous plot represents a specific set of Ls/D ratio but for Figure 
5.46 to 5.48, each plot represents a specific surcharge applied at ground level. Figure 
5.46 indicates the variation of ZNP/Ls with respect to different thickness of 
consolidating layers. It was observed that thickness of consolidating layers had little 
impact on the ZNP/Ls ratio except in the case of Ls/D = 11 for soil having undergone 
90% degree of consolidation before pile installation, ZNP/Ls was reduced by up to 
20%. 
 
5.6.2 Effects on PN and η 
 
Figure 5.47 indicates an increase in PN when thickness of consolidating layers 
increased. This is due to the fact that the thicker the soft layer, the deeper the absolute 
depth of soil that would undergo consolidation, hence higher NSF and dragload was 
generated. However, when plotted on a normalized scale of η, as shown in Figure 
5.48, it was observed that η reduced with increased PN. The reason for this is that η 
was normalized by the total maximum dragload up to the bottom of the soft clay. The 
fact that η reduced with increase in thickness of soft soil, Ls and hence PN, implied 
that the thicker the consolidating clay, the higher the proportion of its thickness that 
would have NSF not fully mobilized. It was also noted that the proportion of 
reduction was less prominent when the applied surcharge at the ground level 
increased from say 10 kPa to 40 kPa. 
 




5.7   Summary 
 
Results of numerical study showed that it is possible to simulate behaviour of pile 
subjected to NSF through careful modeling of 2D FEM. This includes identification 
of the neutral plane and transition zone as well as determination of proper load 
distribution including negative skin friction. As an attempt to understand practical 
problem frequently encountered as a practising engineer, extensive parametric studies 
were carried out on hypothetical piles representing actual likely site conditions 
encountered in Singapore. 
 
Investigation of 4 parameters identified for the study of 3 key aspects of NSF, namely 
the depth to neutral plane, ZNP, magnitude of total dragload, PN and degree of 
mobilization, η reveal the following findings : 
a) Duration between commencement of consolidation and pile installation is an 
important factor to be considered in determining the total dragload, PN and degree 
of mobilization, η. Reduction in PN and η could be up to 15% when pile was 
installed after the soil had achieved at least 70% degree of consolidation. In the 
case that the soil had achieved 90% degree of consolidation, reduction in η could 
be more than 40%. In contrast, duration between commencement of consolidation 
and pile installation had insignificant influence on ZNP, and need not be 
considered for practical design. 
 
b) PN and η increased when the applied surcharge increased. Increase in η was more 
significant for the same magnitude of imposed load when Ls/D ratio increases. In 
addition, percentage increase in η was more pronounced if the soil had undergone 
 




at least 70% consolidation when the pile was installed. It was further observed that 
magnitude of the applied surcharge had negligible influence on ZNP. 
 
 
c) Of all the parameters reviewed in the study, magnitude of imposed load at the pile 
head had the most influence on ZNP/Ls. It was observed that increasing the pile 
head settlement at 1 time working load would reduce the ZNP/Ls ratio. However, 
this appears to be consistent for a pile with large slenderness ratio of Ls/D = 41. 
For pile with Ls/D = 11, a higher magnitude of load which produced more than 10 
mm pile head settlement during load test would be required to observe such 
behaviour. Similarly, decrease in PN and η was observed when the applied load at 
the pile head measured in terms of pile head settlement at 1 time working load 
increased. Reduction in η was more noticeable for a slender pile with Ls/D = 41 
than a stocky pile with Ls/D = 11. 
 
d) Thickness of consolidating layers was found to have little impact on the ZNP/Ls 
ratio except in the case of Ls/D = 11 for soil having undergone 90% degree of 
consolidation before pile installation, ZNP/Ls was reduced by up to 20%. In 
contrast, η reduced with increase in thickness of consolidating clay. However, it is 
also noted that the proportion of reduction was less when the applied surcharge at 
the ground level increased from 10 kPa to 40 kPa. 
 






















Fig. 5.3   Load Distribution Curve and Normalised Dragload Plot for Ls/D = 11, Case 1c 
  
 












Fig. 5.5   Load Distribution Curve and Normalised Dragload Plot for Ls/D = 11, Case 2b 
  
 






















Fig. 5.8   Load Distribution Curve and Normalised Dragload Plot for Ls/D = 11, Case 3b 
 
 



























Fig. 5.11  Load Distribution Curve and Normalised Dragload Plot for Ls/D = 21, Case 1b 
  
 






Fig. 5.12   Load Distribution Curve and Normalised Dragload Plot for Ls/D = 21, Case 1c 
  
 






















Fig. 5.15   Load Distribution Curve and Normalised Dragload Plot for Ls/D = 21, Case 2c 
  
 












Fig. 5.17   Load Distribution Curve and Normalised Dragload Plot for Ls/D = 21, Case 3b 
  
 






















Fig. 5.20   Load Distribution Curve and Normalised Dragload Plot for Ls/D = 41, Case 1b 
  
 






Fig. 5.21   Load Distribution Curve and Normalised Dragload Plot for Ls/D = 41, Case 1c 
  
 






















Fig. 5.24   Load Distribution Curve and Normalised Dragload Plot for Ls/D = 41, Case 2c 
  
 





















Fig. 5.27   Load Distribution Curve and Normalised Dragload Plot for Ls/D = 41, Case 3c 
  
 





















































Fig. 5.37  Variation of ZNP/Ls with Degree of Consolidation when Pile Installed 
  
 








Fig. 5.38  Variation of PN with Degree of Consolidation when Pile Installed 
  
 








Fig. 5.39  Variation of η with Degree of Consolidation when Pile Installed 
  
 








Fig. 5.40  Variation of ZNP/Ls with Magnitude of Surcharge Applied 
  
 








Fig. 5.41  Variation of PN with Magnitude of Surcharge Applied 
  
 








Fig. 5.42  Variation of η with Magnitude of Surcharge Applied 
  
 








Fig. 5.43  Variation of ZNP/Ls with Settlement at 1 x Working Load 
  
 








Fig. 5.44  Variation of PN with Settlement at 1 x Working Load 
  
 








Fig. 5.45  Variation of η with Settlement at 1 x Working Load 
  
 








Fig. 5.46  Variation of ZNP/Ls with Thickness of Consolidating Layers 
  
 








Fig. 5.47  Variation of PN with Thickness of Consolidating Layers 
  
 















CHAPTER  6  CONCLUSIONS AND RECOMMENDATIONS 
 
6.1   Conclusions 
  
It is noted that some of the conclusions drawn from previous studies on the issue of 
NSF may not be directly applicable in the Singapore context as the characteristics of 
pile foundation and the nature of the NSF problem are not exactly identical, for 
example most piling in Singapore would only commences after the soft soil has 
undergone certain degree of consolidation but most studies reported has pile installed 
before consolidation commences. This study therefore focuses on local conditions 
encountered with regard to pile behaviour subjected to NSF. Additional attention is 
paid to the consideration of installing the pile after the ground has achieved a 
substantial degree of consolidation and dissipation of excess pore pressure (e.g. 
matured reclaimed land).   
 
For this purpose, 2D finite element method (FEM) using the Hardening soil model 
and coupled consolidation analysis was utilised to determine the effect of four 
practical factors that may influence (i) the depth to neutral plane (NP),  ZNP, (ii) 
magnitude of total dragload, PN and (iii) degree of mobilization, η. Numerous 
parametric studies were performed to arrive at the following conclusions : 
 
a) Duration between commencement of consolidation and pile installation is an 
important factor in considering PN and η. It was seen in the numerical analyses 
that reduction in PN and η was up to 15% when pile was installed after the soil had 
achieved 70% degree of consolidation. If the soil had achieved 90% degree of 
 




consolidation when the pile was installed, reduction in η was more than 40% for 
Ls/D of 11 and 21 while reduction of η was up to 70% for Ls/D of 41. These 
results strongly suggest that to prevent dragload from being grossly overestimated, 
for soil that had achieved 70% or more degree of consolidation when the load was 
applied, its state of consolidation should be taken into consideration in design. On 
the other hand, numerical studies indicated that duration between commencement 
of consolidation and pile installation had insignificant influence on ZNP, and need 
not be considered for practical design. 
 
b) It was also found that PN and η increased when the applied surcharge is increased. 
From the computed results, it was observed that the increase in η was more 
significant for the same magnitude of imposed load when Ls/D ratio increases. In 
addition, for a given Ls/D ratio, percentage increase in η as a result of an increase 
in surface surcharge was more significant if the soil had undergone at least 70% 
consolidation when the pile was installed. On the other hand, there was negligible 
influence on ZNP as a result of change in magnitude of applied surcharge at ground 
level.  
 
c) From the studies, PN and η decreased when the applied load at the pile head 
measured in terms of pile head settlement at 1 time working load increased. 
Reduction in η was more pronounced for a slender pile with Ls/D = 41 than a 
stocky pile with Ls/D = 11. For the case of Ls/D = 11, a higher magnitude of load 
that produced more than 10 mm pile head settlement during load test would be 
required for a noticeable reduction in η if the degree of soil consolidation was low 
 




when the pile was installed. It was also noted the magnitude of imposed load at 
the pile head had the most significant influence on ZNP/Ls. An increase in applied 
load at the pile head would reduce the ZNP/Ls ratio. However, this appears to be 
consistently the case only for pile with larger slenderness ratio of Ls/D = 41. For 
pile of Ls/D = 11, a higher magnitude of load which produced more than 10 mm 
pile head settlement would be required for such behaviour. 
 
d) Finally, increase in thickness of consolidating layers resulted in an increase in PN 
and a reduction in normalized η. It may thus be concluded that the thicker the 
consolidating clay, the higher the proportion of its thickness that would have NSF 
not fully mobilized. The proportion of reduction would be less when the applied 
surcharge at the ground level increased from 10kPa to 40 kPa. It was observed 
that thickness of consolidating layers also had little impact on the ZNP/Ls ratio 
except in the case of Ls/D = 11 and soil having undergone 90% degree of 
consolidation when the pile was  installed, ZNP/Ls was reduced by up to 20%. 
 
6.2   Recommendations for Future Studies  
 
Coupled analysis using advanced soil model demands long computation time. As such 
the parametric studies would have to be limited to a few selected factors. As it was 
found in the current study that effect of state of soil consolidation should not be 
ignored in the study of NSF as this is a highly relevant situation in Singapore, it is 
therefore suggested that future research could focus on the following areas : 
 
 




a) Effect of different combination of drainage path on NSF could be considered. This 
may include situation such as double drainage or better still the common situation 
of a sandy material (F1) sandwiched between upper and lower marine clay could 
also be studied. 
 
b) Various combinations of pile socketing depth may also be considered. This would 
be more meaningful when actual geological formation of Singapore such as Old 
Alluvium, Jurong Formation and Bukit Timah Formation could be taken into 
account and realistic pile socketing length could be studied. 
 
c) It would also be interesting to study NSF in special situation such as a thin layer 
of compressible soft soil found at large depth under thick reclaimed fill which was 
found occasionally in Singapore’s reclaimed land. 
 
d) Although in the present study, Ls/D was used to define pile slenderness. However, 
it seems to suggest thickness of soft soil is a more major influence of such 
parameters. Effect of various pile stiffness and diameter could also be considered 
in trying to establish the actual pile slenderness. 
 
e) Stiffness of surrounding soil and pile toe would also have significant impact on 
pile subjected to NSF and should also be examined in the parametric studies. In 
this case, it is preferable to consider actual soil condition that is likely to be 
encountered in Singapore. 
 
 




f) Wide range of realistic imposed load should also be considered at pile head for 
NSF consideration since more often than not a pile is designed to carry load. This 
should take into account of settlement performance required such as the one 
proposed in this study. 
 
g) At this stage, there were only limited studies carried out in determining the 
response of NSF to transient live load and there are divided opinions in whether 
this component needs to be considered in the NSF design of pile. It is therefore 
desirable for future studies to investigate the response of NSF along the pile when 
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